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ABSTRACT 
 
IMPACTS OF CROP RESIDUE AND COVER CROPS ON SOIL HYDROLOGICAL 
PROPERTIES, SOILL WATER STORAGE AND WATER USE EFFICIENCY OF  
SOYBEAN CROP 
KOPILA SUBEDI-CHALISE 
2017 
Cover crops and crop residue play a multifunctional role in improving soil hydrological 
properties, soil water storage and water use efficiency (WUE). This study was conducted 
to better understand the role of crop residue and cover crop on soil properties and soil 
water dynamics. The study was conducted at the USDA-ARS North Central Agricultural 
Research Laboratory, located in Brookings, South Dakota. Two residue removal 
treatments that include low residue removal (LRR) and high residue removal (HRR) were 
established in 2000 with randomized complete block design under no-till corn (Zea mays 
L.) and soybean (Glycine max L.) rotation. In 2005, cover crop treatments which include 
cover crops (CC) and no cover crops (NCC) were integrated into the overall design. Soil 
samples were collected in 2014, 2015 and 2016. Data from this study showed that the 
LRR treatment lowered the bulk density (BD) by 7 and 9% compared to HRR in 2015 
and 2016, respectively, for the 0-5 cm depth. Similarly, LRR treatment significantly 
reduced soil penetration resistance (SPR) by 25% in the 0-5 cm depth compared with 
HRR treatment. Further, LRR treatment significantly increased soil organic carbon 
(SOC) concentrations and total nitrogen (TN) by 22 and 17%, respectively, in 0-5 cm. 
Similarly, CC treatment resulted in lower BD and SPR by 7% and 23%, respectively, at 
the 0-5 cm depth in 2015 compared with NCC treatment. The LRR significantly 
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increased soil water infiltration by 66 and 22% compared to HRR in 2014 and 2015, 
respectively. Similarly, the CC treatment significantly increased infiltration by 82 and 
22% compared to the NCC in 2014 and 2015, respectively. Crop residue significantly 
impacted the soil water retention (SWR) in 2014 and 2015 for the 0-5 cm depth. The 
LRR and CC treatments increased the soil volumetric moisture content (VMC) and soil 
water storage (SWS) at the surface 0-5 cm depth. However, the trend was not always 
significant during the growing season. The CC treatment significantly impacted the 
soybean yield by 14% and WUE by 13% compared with NCC treatment. Interactions of 
residue by cover crops was sometimes observed on BD, SPR, VMC, and SWS, which 
showed that the use of cover crops with LRR can be beneficial in improving the soil 
properties. 
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CHAPTER 1 
INTRODUCTION 
 
Soil productivity is the emerging concern for agricultural researchers to meet the 
excessive demand of food and biofuel products. It is estimated that world population will 
be 9 billion and food production needs to be doubled by 2050 (Lal, 2007; Schmidhuber 
and Tubiello, 2007). Along with the increasing demand for food, the demand for fuel is 
also increasing. In the late 20th century, biofuel production from ligno-cellulosic biomass 
was introduced and the rate of cellulosic biofuel production is continuously increasing 
globally (Scarlat and Dallemand, 2011). In the United States, most commonly used ligno-
cellulosic biomass for biofuel production is corn (Zea mays L.). It is estimated that by 
2030, the quantity of biomass used for biofuel production will increase up to 256 million 
dry tons (Doe, 2011). Due to short-term economic benefits and independence in foreign 
fuel production, the rate of crop residue removal rate is increasing (Muth et al., 2013). 
However, this excessive removal of residue creates a threat to soil productivity. 
Soil water dynamic is the major contributor to soil productivity. In the 
Midwestern, United States, soil water storage and drought-induced crop water stress are 
the most common problems which are caused by rainfall variability (Basche et al., 
2016b). Soil management practices such as retention of crop residue and cover crops are 
applied to enhance soil water dynamics (Blanco-Canqui and Lal, 2009c; Blanco-Canqui 
et al., 2015; Johnson et al., 2016). However, in the North Central region of the USA, 
there is limited information available about adopting cover crops and maintaining the 
optimum level of crop residue without impacting the soil productivity. Cover crops and 
crop residue protect the soil aggregates from a direct breakdown from rain drops, as a 
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result, there will be less surface sealing and higher aggregate stability (Colazo and 
Buschiazzo, 2010; Stetson et al., 2012). Above and underground biomass protect soil 
from compaction and increase total pores by underground roots biomass which increase 
the water retention rate (Villamil et al., 2006). Thus, management practices such as crop 
residue and cover crops enhance soil hydrological properties (Blanco-Canqui et al., 2011; 
Johnson et al., 2016). Further, in addition to soil water dynamics, soil carbon also plays a 
vital role in soil productivity. Crop residue replenishes soil organic carbon (SOC) 
(Blanco-Canqui and Lal, 2009a; Stetson et al., 2012; Wegner et al., 2015). It has been 
estimated that to increase one ton of soil carbon pool may need additional 10 to 20 kg 
corn residue per hectare (Lal, 2004). Thus, crop residues and cover crops increase SOC 
concentration in the soil, improve soil structure by reducing compaction, which overall 
contribute to improve soil hydrological properties. Crop residue and cover crops enhance 
better soil water infiltration and soil water retention (SWR) which eventually preserve 
soil moisture, increase soil water storage and increase water use efficiency (WUE) 
(Obalum et al., 2011).  
In the northern plains, corn (Zea mays) and soybean (Glycine max L.) are the 
major crops. Corn residue left after corn harvest helps to store water and transport water 
to agricultural soils (Iqbal et al., 2013). Since water is the most limiting factor for 
soybean production, stored water in soil profile helps to fulfill the water requirement 
following soybean crop, hence, increase the soybean yield. A study conducted in 
Nebraska on silty clay loam showed that complete residue removal reduced grain and 
biomass yield by 10 to 30% of residue removal (Wilhelm et al., 1986). Similarly, another 
study conducted in Nebraska showed that the residue conserved 90-125 mm of extra 
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water compared with bare plots, and the crop yield was increased by 1.1 Mg ha-1 (Van 
Donk et al., 2010). In general, it is assumed that cover crops reduce the water availability 
for following dominant crop. However, many researchers showed that the residue left 
after termination of cover crops helps to store more water in the soil profile. Cover crops 
increase SOC concentration in soil and have a positive relation with water storage and 
crop yield (Olson et al., 2010; Rawls et al., 2003a). Overall, crop residue and cover crops 
increase soil water storage, WUE and crop yield.  
Although cover crops and crop residue play a multifunctional role in improving 
soil structure, SOC, and soil water dynamics. There are many questions on adopting 
cover crops and maintaining the maximum level of crop residue. Many scientific 
researchers showed that the rate of residue varies from 25 to 50%. Some study showed 
that corn emergence was faster in soil covered with residue (Blanco-Canqui et al., 2006). 
While some study conducted in Sweden showed that crop residue delay crop emergence 
(Arvidsson et al., 2014). Due to short-term economic and agronomic benefits of corn 
residue removal, producers remove high rate of residue without understanding the long-
term negative impacts of residue removal. Some study showed little or no change in 
organic carbon was detected for the few years of cover crop establishment (Blanco-
Canqui et al., 2015; Wegner et al., 2015). However, the long-term adoption of cover 
crops increases SOC concentration in soil and improves soil water dynamics, which 
eventually improves crop production and soil productivity (Basche et al., 2016a; Basche 
et al., 2016b; Kahimba et al., 2008). The most common concern which makes producers 
reluctant to use this management system widely are the lack of adequate information 
about significant impacts of crop residue and cover crops in SOC and hydrological 
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properties. The next concern is about the wide application of cover crops as cover crops 
may create water deficit condition for following cash crops and may reduce crop yield. 
This study was conducted to better understand the role of crop residue and cover 
crop on soil water dynamics and soil properties. This study will also answer the most 
common concern of the producers for the wide adoption of cover crops and maximum 
retention of crop residue. The objectives of this study are: 
i) Analyzing the impacts of corn crop residue and cover crops on soil organic 
carbon and soil hydrological properties; 
ii) Analyzing the impacts of corn crop residue and cover crop on soil moisture, soil 
water storage, water use efficiency and soybean yield. 
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CHAPTER 2 
REVIEW OF LITERATURE 
2.1. Crop Residue Removal and Impacts on Soils 
Crop residue in this study refers as corn stover left in the field after corn grain 
harvest. Corn stover is removed for different purpose, especially for biofuel production 
and livestock feeding in the Midwestern USA. It is estimated that 75 million tons of corn 
biomass are used for biofuel production each year (Perlack et al., 2011). The rate of corn 
residue for biofuel production is increasing every year with increasing demand of biofuel. 
Similarly, the rate of uses of corn biomass for livestock is also increasing in the USA. 
According to a survey done by agricultural resource management (ARMS) showed that in 
the northern central united states a total of >20% of corn residue is utilized by livestock 
and 30% is left as organic matter (Schmer et al., 2017). A study showed that 28% of corn 
stover can be sustainably removed for biofuel production considering soil erosion and 
soil moisture constraints in no-till farming system (Graham et al., 2007). However, this 
study was not able to see impacts of residue removal on soil organic carbon and soil 
hydrological properties. Another study showed that crop residues played an important 
role in water conservation and increased the crop yield (Van Donk et al., 2010; 
VanLoocke et al., 2012). However, only a few long-term studies were conducted in the 
northern central USA to observe the impact of residue removal on soil water dynamics. 
This chapter will focus on impacts of crop residue removal and cover crops on soils and 
water dynamics. 
2.1.1. Soil Organic Carbon 
Soil organic carbon (SOC) is the most important soil quality indicators as it 
directly impacts crop and soil productivity. Crop residue helps in improving the surface 
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and subsurface carbon in the soil. The SOC provides binding agents to soil, which 
increase aggregate stability and improves soil structure (Blanco-Canqui et al., 2013). 
Removal of crop residue reduces SOC concentration in soil, and subsequently impact the 
soil productivity. A study showed that ≤ 25% residue can be removed sustainably without 
impacting the crop and soil productivity and >50% of residue removal significantly 
reduced SOC by 1.63 Mg ha-1 (Blanco-Canqui and Lal, 2007). However, the substantial 
residue removal rates vary by several factors such as soil texture, soil topography, initial 
existing of soil carbon, tillage and cropping system (Blanco-Canqui and Lal, 2007, 
2009a; Blanco-Canqui and Lal, 2009b; Blanco-Canqui et al., 2013). Similarly, a study 
conducted to identify baseline soil quality indicator values by using Soil Management 
Assessment Framework (SMAF) showed that total organic carbon is the factor which is 
most impacted by harvesting of corn stover removal (Karlen et al., 2011). A study 
conducted in Brookings, SD showed that the retention of crop residue plays an important 
role in long-term storage of SOC, and the negative effects of removing residue were 
observed only after 8 years of residue removal (Stetson et al., 2012). Thus, these authors 
suggested that while making the policy of crop residue removal, the long-term evaluation 
needs to be done for potential benefits of crop residue. A long-term study started in 2000 
showed that SOC increased by 17, 24 and 12% after 9, 10 and 11 years of low residue 
removal practice where 37% of total residue were removed compared with high residue 
removal practice where 98% of total residue were removed (Wegner et al., 2015). Thus, 
most of the studies showed that the removal of residue impacts the SOC. However, the 
negative impacts cannot be detected at the initial years of residue removal. Also, the 
percentage of reduction of SOC content on the soil impacted by residue removal depends 
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upon the rate of residue removal, soil type, and soil mineralogy as well as soil 
topography.  
2.1.2. Soil Hydrological Properties 
Crop residue protects soil from the breakdown of aggregates, which reduces 
surface sealing and crusting of soil. The latter increases the water infiltration rate and 
reduces the runoff and soil erosion. Similarly, crop residue increases SOC concentration 
which stabilizes soil aggregates, reduces soil bulk density and improves soil porosity, 
which subsequently enhances water retention and hydraulic conductivity (Blanco-Canqui 
et al., 2013; Hammerbeck et al., 2012; Johnson et al., 2016). A study conducted at the 
Swan Lake research farm near Morris, MN showed that the full return of residue which 
was >7 Mg ha-1 improved soil water infiltration rate under no-till, while there was no 
improvement of water infiltration under chisel till (Johnson et al., 2016). This study 
suggested that the impact of residue removal on soil hydrological properties also depends 
on tillage practices. Another study conducted on two different types of soil, i.e. clayey 
loam and silt loam showed that the water infiltration rate decreased significantly under 
loam soil while there was no significant impact on infiltration rate under clay soil when 
>25% of the residue was removed (Blanco-Canqui and Lal, 2007). A study conducted in 
Brookings, SD showed that crop residue decreased Bradford reactive soil protein (GRSP) 
and microbial activity which eventually reduced the building blocks of soil aggregates 
(Stetson et al., 2012) . Another study showed that when a higher rate of the residue was 
removed, there was a higher fraction of small aggregates and when a lower rate of residue 
was removed, there was a greater fraction of larger aggregate size soil (Hammerbeck et 
al., 2012). Many research studies showed that there is a positive relationship between soil 
aggregates and soil hydrological properties. Crop residue also helps to increase total 
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porosity. The study conducted in Ohio under silt loam soil with 10% slope showed that 
the total porosity ranges from 0.46 to 0.49 mm3 mm-3 when rate of stover cover was ≤ 
50%, whereas, when the rate of stover cover increased from 80 to 200%, the total 
porosity ranges from 0.52 to 0.53 mm3 mm-3 (Blanco-Canqui and Lal, 2009c). In contrast, 
another study did not observe any significant difference on total porosity among the three 
different rates 0, 100 and 200% of corn stover cover (Karlen et al., 1994). These studies 
suggested that the response of corn residue to total porosity and corn stover highly 
depended on soil topography, soil types, and initial soil quality. Crop residue also helps 
in improving soil water retention. A study conducted by Ames, IA showed that no-
harvest of residue increased available water content by 2% compared with high residue 
removal when 90% of residue are removed (Tormena et al., 2017). Soil covered with 
residue helps to preserve soil moisture. Similarly, crop residue stores more carbon in the 
soil, which eventually helps to hold more water in the soil profile. Similarly, crop residue 
helps to increase and continuity of total pores, macropores and micropores which 
enhance to retain more water in the soil profile. A study conducted in Ohio showed that 
the soil covered with residue had 20 to 50% more water compared with bare soil (Blanco-
Canqui and Lal, 2007). Thus, these studies suggested that crop residue improves soil 
hydrological properties by protecting aggregates from the breakdown, improving water 
infiltration and soil water retention.  
2.1.3. Soil Water Storage and Crop Yield 
Residue retention is one of the most important and efficient conservation practices 
for soil water management. A study conducted in Garden City, Kansas showed that crop 
residue management saves water by reducing soil water evaporation (Klocke, 2008). A 
study conducted in the Central region of Malawi, Africa on two research sites with one 
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site had high and the other had low potential evapotranspiration (PET), the retention of 
residue in research sites with high PET improved infiltration and soil water content, 
however, residue management of this site did not significantly impact on crop production 
(TerAvest et al., 2015). However, another study conducted in North Platte, Nebraska 
showed that corn yield in residue retention plots was 1.6 Mg ha-1 greater compared with 
bare plots (Van Donk et al., 2010). This study was supported by another study which 
showed that to produce 1.6 Mg ha-1 it required 66 to 86 mm of water (Martin et al., 
2007). Thus, these studies suggested that residue retention stores more water in soil 
surface which will not allow water deficit condition and improves grain yield. However, 
another study conducted in Ohio showed that the retention of retention of residue also 
improved available P and K+, which resulted in increased, grain yield and the removal of 
50% of stover reduced grain yield by 1.94 Mg ha -1 (Blanco-Canqui and Lal, 2007, 
2009a; Blanco-Canqui and Lal, 2009c). However, other studies showed that grain yield 
of the crop highly depends upon the climatic conditions (Obalum et al., 2011). 
2.1.4. Water Use Efficiency 
Crop residue creates barriers to soil water evaporation, protects the soil from 
disturbance and compaction, and provides better infiltration with minimum surface 
sealing and crusting. Crop residue left on the surface help in better storage of water in the 
soil profile and increase water use efficiency (WUE). A review showed that soil 
management practices such as residue, tillage and nutrient management can increase 
WUE by 25 to 40% (Hatfield et al., 2001). These practices allow to store more water in 
the soil profile, improve roots ability to extract water effectively, reduce losses of 
nutrients by leaching, adding nitrogen to the soil which has a positive impact on WUE. A 
study showed that mulched soil achieved 40% higher crop yield compared to the bare soil 
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(Quemada et al., 2013). Crop residue and mulch have similar advantages as both cover 
soil and reduced evaporation and maintained the soil temperature. Mulch can be the best 
option where residue retention is not possible. 
2.2. Cover Crops Impact on Soils 
Cover crops have been used in the agricultural system for soil protection, 
controlling the weeds, and improved nutrient cycling. The importance of cover crops is 
increasing due to its multifunctional advantages for improving soil quality (Kaspar and 
Singer, 2011). In the northern central US, crop residue is removed for biofuel production 
and livestock feeding. Few previous studies showed that cover crops can be used as 
alternatives of crop residue. Cover crops add above ground and below ground biomass to 
the soil surface. Above ground biomass helps to protect soil aggregates from direct 
raindrops (Blanco-Canqui et al., 2015). In addition, cover crops add carbon to the soil via 
decomposition of cover crops. Similarly, roots of cover crops help to add C in the soil, 
increase pore spaces which can enhance the water infiltration in the soil. In addition, 
cover crops also help to reduce soil compaction. Despite having many advantages of 
cover crops in soil quality and productivity, these cover crops are not widely adopted in 
the northern central USA. Previous studies showed that cover crops are more suitable in 
humid and sub-humid regions where rainfall is more reliable (Unger and Vigil, 1998). 
However, recent studies showed that long-term adoption of cover crops helps in soil 
water dynamics even in the places where there is rainfall variability (Basche et al., 
2016b). Many researches showed that cover crops improved soil structure and soil 
quality. However, in the northern central, USA, limited research conducted and unable to 
justify the role of cover crops in soil water dynamics. 
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2.2.1. Soil Organic Carbon 
Cover crops add above ground and below ground carbon by decomposing of roots 
and shoot which can increase SOC. A long-term study conducted at Hesston, KS showed 
that NT farming combined with cover crop increased the SOC concentrations (Blanco-
Canqui et al., 2011). A review summarized that cover crops reduce soil compaction, 
improves soil hydraulic properties and increase SOC (Blanco-Canqui et al., 2015). A 
study conducted in Urbana, IL showed that rotation of corn- rye/soybean-vetch increase 
SOM by 10 kg ha-1 approximately and rotation of corn- rye/soybean-vetch + rye increase 
SOM by 3.8 kg ha-1 approximately compared with corn-fallow and soybean-fallow 
system respectively (Villamil et al., 2006). Similar results were observed in another study 
where, after six years of a corporation of cover crops wheat, oat and oat + vetch 
treatments increased SOC by 14, 9 and 9%, respectively, compared with control 
treatments (Duval et al., 2016). However, another study conducted in Southern Illinois 
reported that cover crops did not increase the SOC even after 9 years when compared 
with the baseline SOC value, however, the addition of cover crop could minimize the loss 
by 2%, 12% and 3% under no-till (NT), chisel plow (CP) and moldboard plow (MP) 
respectively, compared with no cover crops plot (Olson et al., 2010). These studies 
explained that addition of cover crops not always increase SOC in the case where SOC 
losses from soil are higher than the gaining SOC from cover crops. A study conducted at 
Brookings, SD showed that high residue removal from the soil surface increase 
SOM/SOC ratio and plots with no cover crops had experienced higher SOM/SOC ratio 
compared with cover crop plots (Stetson et al., 2012). Thus, these studies suggested that 
impacts of cover crops on SOC can be varied based on different types of cover crops, soil 
topography, and cover crop management practices. 
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2.2.2. Soil Hydrological Properties 
Soil hydrological properties highly depend upon soil physical properties and soil 
chemical properties that include such as SOC, bulk density, porosity, aggregation, and 
stability. Cover crops help to reduce the bulk density by adding above ground and below 
ground carbon to soil. The SOC added to soil enhance soil water retention. A study 
conducted in 6 km south of Mandan, ND showed that cover crops increased the soil water 
content by 21% compared with no cover crop treatment (Liebig et al., 2015). Similar 
results were observed in a study, where cover crops increased water retention by 10-11% 
at field capacity (-33 kPa) (Basche et al., 2016b). However, another study conducted in 6 
km south of Mandan, ND showed that soil water retention depends upon the types of 
cover crops (Merrill et al., 2007). Cover crops also help to reduce compaction and protect 
soil aggregates from breakdown. The previous study conducted in Brookings, SD showed 
that cover crops treatment had a greater stability of soil aggregates and smaller erodible 
fraction compared with no cover crop treatments (Osborne et al., 2014). Aggregate 
stability influences soil hydrological properties such as soil water retention (Guber et al., 
2004). Also, it enhances soil water infiltration and soil hydraulic conductivity 
(Daraghmeh et al., 2008). Roots of cover crops also enhance soil porosity which 
improves soil aeration and water infiltration. A study conducted on clay loam soil in San 
Joaquin Valley, CA showed that infiltration with CC was 2.8 and 2.2 times higher 
compared with the NCC treatment (Mitchell et al., 2017). Cover crops protect soil 
moisture by covering soil and reducing evaporation. Cover crops help in delaying the soil 
freezing by keeping the soil temperature warm. A study conducted on sandy loam soil of 
Canadian prairies showed that in late fall the temperature was 3ºC higher compared with 
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non-cover crop treatments which enhance to melt snow earlier and allow more snow to 
melt and infiltration on soil profile (Kahimba et al., 2008).  
2.2.3 Soil Water Storage and Crop Yield 
Long-term use of cover crops improves soil physical properties which contribute 
to increase soil water storage (SWS). A study conducted on Iowa State University 
Agronomy and Agricultural Engineering Research Farm (ISUAG), Iowa showed that 
cover crops increased SWS by 1.9 cm compared with no cover crop plots (Daigh et al., 
2014). A similar result was observed in a study conducted in Boone County, IA where 
long-term incorporation of cover crops increased the field capacity water content by 10 – 
11% and plant available water by 21 – 22% (Basche et al., 2016b). Many studies showed 
that cover crops increase SOC concentration on soil and have a positive relationship with 
soil water storage and crop yield (Olson et al., 2010; Rawls et al., 2003a). However, the 
improvement of SWS with cover crops highly depend on the cover crop biomass (Daigh 
et al., 2014; Krueger et al., 2011). Similarly, the impact of cover crops on crop yield also 
highly dependent on cover crop management practices and climatic condition. A study 
showed that harvesting the cover crops three weeks later reduced the grain yield 
compared with killing the cover crops three weeks earlier (Krueger et al., 2011). Another 
study showed that crop created the water competition and reduced the grain yield 
(Kramberger et al., 2009). A review showed that addition of cover crops may improve 
soil water condition by improving the soil infiltration rate, reducing evaporation, and 
increasing soil water storage, however, it may reduce the grain yield in semi-arid regions 
(Unger and Vigil, 1998). Similar results were observed in a study, where cover crops 
improved soil moisture and reduced crop water use, however, it didn’t impact on crop 
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yield (Obalum et al., 2011). Another, long-term study conducted in Maryland, USA 
showed that cover crop improved water infiltration rate, hydraulic conductivity but didn’t 
impact on grain yield (Steele et al., 2012). A review showed that cover crop increased or 
have no effect on crop yields, but may decrease crop yield in water-limited regions 
(Blanco-Canqui et al., 2015).  
2.2.4. Water Use Efficiency 
A study conducted in semi – arid regions of northwest China showed that the 
cultivation of legumes-cover crops in the fallow season increased productivity and WUE 
compared with the bare fallow field (Zhang et al., 2016). A study conducted in Spain 
showed that addition of cover crops helps to increase nitrogen use efficiency and increase 
crop yield and WUE after three years of cover crop addition in maize cropping system 
(Gabriel and Quemada, 2011). A meta - analysis on irrigation system where the database 
was created by 279 nitrogen leaching and 166 crop yield observation showed that non-
legumes cover crops reduce nitrogen leaching by 50% and improves yield compared with 
bare fallow (Quemada et al., 2013). However, no impacts were observed from legume 
cover crops in this study. Similar results were observed in another study conducted on the 
rain-fed temperate system, that there was negative or no impact of replacing cover crops 
with the fallow system (Tonitto et al., 2006). This study suggests that the addition of 
legume cover crop without fertilizer management can over - fertilized crops and reduce 
yield. 
2.3. Interactions of Residue Removal and Cover Crops on Soils 
2.3.1. Soil Organic Carbon 
Corp residue and cover crops both help to increase SOC. Only a few studies were 
conducted to observe the interactions of residue and cover crops on SOC. In a four-year 
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study from 2008 to 2011 study conducted in Brookings, SD showed that the interaction 
between cover crops and crop residue were statistically significant only in the year 2009 
where P < 0.05 (Wegner et al., 2015). Another study conducted with the same treatments 
shows that cover crops reduce the negative impacts of residue removal by adding an extra 
source of carbon (Stetson et al., 2012).  
2.3.2. Soil Hydrological Properties 
A study conducted in Brookings, SD showed that addition of cover crops in high 
residue removal plots reduced the wind erodible fraction (< 1 mm in diameter) of soil by 
50% compared with no cover crops with low residue removal treatments (Stetson et al., 
2012). Crop residue and cover crops add carbon to the soil, which performs binding agent 
to soil fraction and results in the reduction of eroded fractions. The presence of cover 
crop and crop residue protects the breakdown of soil aggregates from rainfall and wind 
erosion. Protection of aggregates from the breakdown enhances better infiltration by 
reducing surface sealing and crusting. Better infiltration enhances better soil water 
retention. However, a study conducted in Brookings, SD showed that no significant 
interaction between cover crops and crop residue for soil water retention (Wegner et al., 
2015). 
2.4.  Research Gaps 
 Crop residue removal impacts on soil properties and water conservation. Some of 
the negative impacts on soils due to high residue removal can be overcome by using the 
cover crops. However, there is limited information available about the beneficial impacts 
of cover crops under residue removal on SOC, soil hydrological properties, soil water 
storage and water use efficiency in the Northern Great Plains region of the USA. A 
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complete understanding of the impacts of crop residue removal and cover crops on crop 
yield and water use efficiency is strongly needed. 
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CHAPTER 3 
MATERIALS AND METHODS 
 3.1. Experimental Design and Management 
 The study was conducted at the USDA-ARS North Central Agricultural Research 
Laboratory, located in Brookings, South Dakota (46º 19'N, 96º46'W). Soil types in the 
study area were Kranzburg (fine-silty, mixed, superactive, frigid, Calcic Hapludolls) and 
Brookings (fine- silty, mixed, superactive, frigid Pachic Hapludolls). The experiment was 
initiated in spring of 2000 under no-till corn and soybean rotation. Before establishing 
this experiment, the study area was continuously cropped with alfalfa (Medicago sativa 
L.) from 1995 to 1999. Initial measurement for soil texture was silty clay loam. Initial 
bulk density, soil organic carbon and pH were 1.35 g cm-3, 27.8 g kg-1 and 6.7 
respectively. 
 Residue removal treatments were implemented in 2000 and cover crop treatments 
were started in 2005. Two residue removal treatments that include low residue removal 
(LRR) and high residue removal (HRR) were established in three replicates of 
randomized complete block design in 2000. In fall 2005, cover crop treatments that 
include with a cover crop (CC) or without cover crop (NCC) were integrated into the 
overall design, adjusting the experimental design from a randomized complete block 
design to a split-plot design. In LRR treatment, only grains were harvested and all the 
plant material was left on the soil surface, while in HRR treatment, all crop residues 
above 0.15 m from the ground were removed. The cover crop treatments consisted of a 
mixer of winter rye (Secale cereale L.) and hairy vetch (Vicia villosa L.). The mixture of 
winter rye and hairy vetch was planted after corn harvest while hairy vetch was planted 
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after soybean harvest. Additional details about the experiment can be found elsewhere 
(Hammerbeck et al., 2012; Osborne et al., 2014; Stetson et al., 2012) The present study 
was conducted in 2014, 2015 and 2016. 
3.2.  Crop Management and Measurement 
Both corn and soybean phases are present in each year. Corn hybrid Viking 087-
80N was seeded at the rate of 81,628 seeds per hectare using Kinze 3400, 50.8 cm row 
crop planter. Seeds were planted in 5.08 cm depth and 24.13 cm width. Before crop 
emergence herbicides sharpen @ 219 ml per hectare, clarity – 2.47 pt. ha-1, roundup 
weathermax – 1.625 L ha-1 and Dual II Magnum ams product – 2.47 pt. ha-1 were applied. 
During V3-V6 stage 88 ml of Callisto and 384 ml of COC ams product were applied. The 
water solution equivalent to 2.72 kg N ha-1 and sixty gallons per hectare of 1:4 UAN 28% 
of UAN were applied during planting. During V4 -V6 stage 412 L ha-1 of 28% UAN and 
Limus were applied. Cover crop winter rye was seeded at the rate of 30.4 kg ha-1 in 
October.  
 Soybean hybrid Hefty H01R4 was seeded at the rate of 350,554 seeds/ha during 
the first week May with the use of Kinze 3400 50.8 cm row crop planter. None of the 
starter fertilizers were applied on the plots. However, the seeds were inoculated with 
liquid Rhizobia at planting to maximize nitrogen fixation. Herbicide pursuit – 295 ml ha-
1, prowl H20 – 5 pt. ha-1, roundup weathermax ams product – 2.36 L ha-1 were applied 
before crop emergence. After the crop emergence herbicides cadet – 1.23 L ha-1, select 
max 1.18 L/ha and NIS ams product – 0.95 L ha-1   were applied. The mixture of cover 
crop winter rye and hairy vetch were seeded at the rate of 31.75 – 34.20 kg ha-1 in 
September.  
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3.3.  Soil Sample Collection 
 Intact soil cores (5 cm diam. × 5 cm length) were collected on 22 August 2014 
and 23 July 2015 from 0-5 and 5-15 cm depths to measure bulk density (BD), soil water 
retention (SWR) and pore-size distribution (PSD). Two soil cores were collected per 
plots from LRR and HRR with CC and NCC treatments. Labeled soil cores were sealed 
in plastic bags and transported to the laboratory. Each soil core was trimmed from both 
sides. Extra soil left after trimming was used to measure moisture content from 0-5 and 5-
15 cm depths. Trimmed and labeled soil cores were used to analyze SWR. After 
completing soil water retention analysis, the soil samples were air-dried, visible roots and 
residues were removed, and dry samples were sieved through a 2mm screen and 
processed for pH EC, total carbon (TC) and total nitrogen (TN).  
3.4.  Bulk Density, Total Nitrogen, and Soil Organic Carbon 
 The BD samples were collected and analyzed using core methods (Grossman and 
Reinsch, 2002). Soil samples were ground through ball mill before analyzing total carbon 
(TC) and total nitrogen (TN). The TC and TN were analyzed by using TruSpec CHN 
analyzer (LECO Corporation, St. Joseph, MI). The soil organic carbon (SOC) was 
determined by using similar methods of Stetson et al., (2012) and Wegner et al., (2014). 
Soil inorganic carbon was below detection levels. Therefore, TC was considered as SOC. 
3.5.  Ponded Infiltration Measurements 
 Soil infiltration rate (qs) was measured in August 2014 and late June 2015 using 
double-ring infiltrometer (ring of 30-cm outer and 20 cm inner diam. × 20 cm height). 
Infiltration measurements were done twice in each plot for all 3 replicated plots until the 
steady state was achieved. To calculate moisture content, soil samples were taken from 
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nearby places where infiltration was measured and gravitational moisture content was 
analyzed. 
3.6.  Soil Water Retention  
 The SWR was measured for 0-5 and 5-15 cm depths for two residue removal 
treatments (HRR and LRR) and two cover crop treatments (YCC and NCC). Each soil 
cores were saturated for more than 24 hrs. The cheese cloth was fixed at the bottom of 
intact soil core, and then these cores were saturated with water for 24 to 48 hr. The SWR 
was determined at seven matric potentials (Ψm). Five matric potentials (0, − 0.4, − 1.0, − 
2.5 and − 5 kPa) were measured with a tension table method (Amoozegar and Wilson, 
1999) while other two (−10.0 and −30.0 kPa) were measured with pressure plate methods 
(Klute, 1986). Soil water content (g g-1) was determined gravimetrically by oven-drying 
the soil samples at 105°C for 48 h. It was calculated by using the initial weight of moist 
soil and final dry soil. The conversion of gravimetric moisture content methods to 
volumetric moisture content (θ, m3 m-3) based on the bulk density of the soil samples. 
3.7.  Soil Water Storage 
 Soil moisture was determined gravimetrically. Two soil moisture samples per plot 
were collected with auger from 0- 45 cm depth. Soil moisture samples were collected 
May through October 2016. Sampling days were on May 15, May 26, June 27, August 
20, September 20 and October 21. Soil moisture samples were immediately weighed and 
placed in an oven to dry at 105ºC for 48 hours. Soil water storage was calculated using 
the equation as shown below: 
𝑊 =∑(𝑑𝑖×𝜌𝑖×𝑤𝑖)×10
𝑛
𝑖=1
 (3.1) 
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where, di = depth interval for soil samples; 𝜌 = soil bulk density, 𝑤i soil gravimetric 
water content, subscript i refers to soil layers and n = number of soil layers. The units for 
water storage (w) is mm. 
3.8.  Crop Yield and Water Use Efficiency 
 Grain yields were measured by harvesting 15 m of central two rows from each 
plot with a Massey Ferguson MF 8 – XP research plot combine (Kincaid Equipment 
Manufacturing, Haven, KS). Soybean grain yields were adjusted to 13.0 % moisture 
content. Water use efficiency and ET were calculated using Equations 3.2, and 3.3 
respectively.  
𝑊𝑈𝐸 = 𝑌/𝐸𝑇 (3.2) 
𝐸𝑇 = (𝑊1 −𝑊2) + P (3.3) 
where, Y= grain yield, ET = evaporation of water from soil surface plus transpiration 
from the crop, W1 = soil water storage before planting, W2 = soil water storage after 
harvesting, and P = precipitation.  
3.9.  Statistical Analysis 
 A test for the homogeneity of variance was conducted to evaluate the variability 
of soil properties within different crop residue levels, and between cover crop vs. no 
cover crop.  An analysis of variance (ANOVA) was further conducted with the SAS 
(2007) software. An estimate of the least significant difference (Duncan’s LSD) between 
treatments was obtained using the ‘Mixed procedure’ in SAS. Statistical differences were 
declared significant at α  0.05 level. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1.  Soil Organic Carbon and Total Nitrogen 
Data on SOC and TN under soybean phase for the 0-5 and 5-15 cm depths are 
shown in Table 1. Data showed that residue impacted SOC and TN only for the 0 -5 cm 
depth (P<0.01). The LRR treatment (26.2 g kg-1) increased SOC by 21.8% as compared 
to that under HRR treatment (21.5 g kg-1). The cover crop had no impact on SOC and TN 
for both the soil depths. The LRR treatment (2.14 g kg -1) increased TN by 17% as 
compared to that under HRR (1.83 g kg-1) treatment. The interactions of the residue by 
cover crops on SOC and TN were not significant for both the soil depths. 
The SOC and TN values were higher for the LRR treatment at 0-5 cm depth 
compared with HRR treatment. Previous studies conducted on same experimental plots 
with the similar treatments showed that SOC increased by 17, 24 and 12% after 9, 10 and 
11 years of low residue removal practice (37% of total residue removal) compared with 
that of high residue removal practice (98% of total residue removed) (Wegner et al., 
2015). Another study conducted in Ohio on silt loam and clay loam soils with 0, 25, 50, 
75 and 100% of residue removal treatment also found an increase in SOC with higher 
residue retention rate in silt loam soil (Blanco-Canqui and Lal, 2007).The increase in 
SOC was due to the input of additional carbon in the soil surface, as microbes break 
down the residue and store carbon in soil surface (Stetson et al., 2012). These other 
studies support our result of increasing SOC with LRR treatment (Table 1). In addition to 
SOC, the crop residue removal rate also impacted the TN. A study conducted in Ohio 
showed that complete removal of residue reduces TN pool by 0.82 Mg ha-1 in silt loam 
soils (Blanco-Canqui and Lal, 2007). Another study conducted by Fixen (2007) estimated 
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that 40% of the corn stover removal rate reduced N by 27 lb a-1 per year. Similarly, a 
multi-location study conducted at 28 study sites in the corn belt region showed that with 
high (7.2 Mg ha-1) removal of corn stover removed 47 kg ha-1 N while moderate (3.9 Mg 
ha-1) removal of corn stover removed 24 kg ha-1 N (Karlen et al., 2014). These results 
support the data that LRR treatment increased TN compared with HRR treatments (Table 
1). Thus, removal of residue directly reduces the amount of N added to the soil. Our 
results showed that no significant impact of residue removal on SOC and TN. Similar 
results were observed by another study (e.g., Wegner et al., 2015). Lower SOC and TN at 
5-15 cm depth was due to higher residue decomposition in the subsurface of the no-till 
system (Clapp et al., 2000; Dolan et al., 2006). Cover crops did not impact the SOC for 
both the depths. Similar results were observed in previous studies (Wegner et al., 2015). 
Similarly, another study showed that cover crops did not increase SOC, however, it 
minimized the SOC loss (Olson et al., 2010). Blanco-Canqui et al. (2014) reported that 
cover crops can improve SOC but long-term study needs to be conducted.  
4.2.  Soil Bulk Density 
Soil bulk density (BD) for 2014, 2015 and 2016 has been summarized in Table 
2a. In 2014, the BD under LRR and HRR was not significant for the 0-5 cm depth. 
However, the interactions between cover crops and crop residue were significant 
(P<0.05; Table 2a). In 2015, the BD was impacted by the residue removal treatment as 
well as the presence of cover crops for 0-5 cm depth. The LRR treatment (1.30 Mg m-3) 
had significantly lower BD by 7.6% compared to HRR treatments (1.40 Mg m-3). 
Similarly, CC treatment (1.30 Mg m-3) had 7% lower BD compared to NCC treatment 
(1.39 Mg m-3). However, no significant impact of residue removal treatment and cover 
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crop was observed for the 5-15 cm depth. In addition to that, no interactions were 
observed between the residue removal and cover crop treatments for both the soil depths. 
In the year 2016, the BD had significant differences due to the residue removal 
treatments for the 0-5 cm depth. The LRR treatment (1.29 Mg m-3) had a significantly 
lower BD by 7% compared with that under HRR treatment (1.38 Mg m-3). However, no 
significant impact of CC and NCC treatment (P<0.11) were observed. For the 5-15 cm 
depth, residue removal, as well as cover crop significantly impacted the BD. The BD for 
the LRR treatment (1.34 Mg m-3) was significantly lower by 3.7% compared with the 
HRR treatment (1.39 Mg m-3). The CC treatment (1.33 Mg m-3) was significantly lower 
by 5% compared with NCC treatment (1.40 Mg m-3). However, no interactions between 
the residue removal treatments and cover crops were observed in 2016. 
Data was analyzed separately to observe the interaction effect and presented in 
Table 2b. The significant interaction was observed only in 2014 for 0-5 cm depth. Our 
results indicate that the LRR with CC treatment (1.35 Mg m-3) significantly reduced BD 
by 8% compared to LRR with NCC treatment (1.46 Mg m-3). Similarly, LRR with CC 
(1.35 Mg m-3) reduced BD by 6.6% compared with HRR with CC treatment (1.44 Mg m-
3). However, the comparison between LRR with CC and HRR with CC was not 
statistically significant. Soil BD was impacted more by cover crops treatments compared 
with the residue removal treatment. 
In the year 2015, we found 7.6% higher BD with HRR treatment compared to 
LRR treatment for the 0-5 cm depth. Similar results were observed from a study 
conducted in Rosemont, MN and Ames, IA where they found 7% higher BD with high 
residue removal rate compared with no harvest of residue (Dolan et al., 2006; Tormena et 
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al., 2017). The present study showed that cover crop treatment reduced the BD for the 0-5 
cm depth. Similar results were observed by Blanco-Canqui et al. (2011). These 
researchers explained that cover crops protect the soil from compaction, as well as it 
increases SOC concentrations which lowered the soil BD in the subsurface depth. In the 
year 2016, we observed lower BD for both the soil depths. The study of Lorenz and Lal 
(2005) showed that if organic matter is higher in the upper surface, it can be transported 
to the deeper soil to promote soil micro and macro organisms. Therefore, crop residues 
provide food and habitat for micro and macro organisms those preserve and increase 
porosity in the soil. In 2016, we observed that LRR reduced BD by 7% and 3.7% for 
depth 0-5 and 5-15 cm respectively, compared with that under HRR treatment. Similar 
results were observed by the study of Moebius-Clune et al. (2008) where stover returned 
had 5% lower BD compared with stover harvested. However, other studies showed that 
there was no significant impact of crop residue harvest on BD (e.g., Karlen et al., 2014; 
Villamil et al., 2015). Cover crops significantly reduced BD for surface depth in 2015. A 
similar finding was also observed in a study conducted on silt loam with cover crops 
treatments which showed reduced soil compatibility by 5% (Blanco-Canqui et al., 2011). 
4.3.  Soil Penetration Resistance 
Soil penetration resistance (SPR) data for 2014 has been shown in Table 3a. For 
the 0-5 cm depth, it was observed that residue removal treatment and the cover crop 
treatment significantly impacted the SPR. The SPR values for the LRR treatment (2.23 
MPa) were 24 % lower as compared to HRR treatment (2.77 MPa). Similarly, SPR 
values for CC treatment (2.24 MPa) were 23% lower compared with NCC treatment 
(2.76 MPa). No significant interactions were observed between the residue removal and 
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the cover crop treatments on SPR at the 0-5 cm depth. However, for the 5- 15 cm depth, 
interactions of the residue by cover crops were significant (P<0.03; Table 3a). 
Interaction effects are presented in Table 3b. Significant interaction was observed 
only for 5-15 cm depth. Results showed that LRR with NCC treatment (2.41 MPa) had 
significantly lower SPR by 42% compared with HRR with NCC treatment (3.43 MPa). 
Similarly, HRR with CC treatment (2.57 MPa) had significantly lower SPR by 33% 
compared with HRR with NCC treatment (3.43 MPa). 
Our results showed that LRR reduced the SPR value in the 0-5 cm depth. Similar 
results were observed in a study conducted at Ames, IA where, high stover harvest had 
increased SPR value by 39% compared with no stover removal (Tormena et al., 2017). 
Similar results were observed by long-term study conducted in Ohio on silt loam soil in 
which, the SPR value increased by 17 to 24% when >50% residue removed compared 
with no residue removed (Blanco-Canqui and Lal, 2007). However, these results did not 
support the study conducted in Chazy, NY where residue harvest did not impact on SPR 
value compared with no harvest of residue (Moebius-Clune et al., 2008). Our results 
showed that CC reduced SPR value by 23% compared with that under NCC treatment. 
Similar results were observed in a study conducted in Illinois on silty clay loam  (Acuña 
and Villamil, 2014). SPR determines the soil compaction (Abdollahi et al., 2014). Our 
result showed that LRR and CC treatment reduced BD. Similarly, LRR and CC also 
reduced SPR. Thus, LRR and CC treatment reduced compaction. The reason behind low 
SPR under LRR and CC treatment may be due to cover crop and crop residue protect soil 
aggregates from the break down, protects soil from direct compaction due to raindrops 
(Blanco-Canqui et al., 2014). In addition, long-term adoption of crop residue and cover 
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crops reduce compaction by the accumulation of SOC. Similarly, crop residue and cover 
crop play an important role to preserve the soil moisture. The pervious study showed that 
SPR is affected by soil moisture (Whalley et al., 2007). Similar results were observed by 
Gupta et al. (1987) where they explained that silt loam and clay loam soils have greater 
surface area, so the addition of residues will not allow physically separate mineral 
particles which result in friction force reduction and less compaction. 
4.4. Soil Water Retention (SWR) 
The SWR data are presented in Table 4a for (2014) and Table 4b for (2015). For 
2014, the LRR treatment had a significantly higher SWR compared with that under HRR 
treatments at all seven pressures at the 0-5 cm depth (Figure 1a). The SWR data for 0-5 
cm depth were 8, 8, 9, 14, 15, 19 and 17% higher under LRR treatment at 0, -0.4, -1.0, -
2.5, -5, -10 and -30 kPa, respectively, compared with that under HRR treatment. For the 
cover crop treatment, the CC had significantly higher SWR as compared to that under 
NCC at 0 kPa for 0-5 cm depth (Table 4a). The SWR for LRR treatment (0.52 m3 m-3) 
was 6% higher at 0 kPa compared with HRR treatment (0.49 m3 m-3) for the 0-5 cm 
depth. For 5-15 cm depth, the LRR treatment had significantly higher SWR compared 
with HRR treatment at 0 and -0.4 kPa (Figure 1a). The SWR data at 5-15 cm depth for 
LRR treatment were 4 and 4% higher at 0 and -0.4 kPa respectively compared with LRR 
treatment. However, no significant differences were observed for cover crop treatments at 
any pressure for the 5-15 cm depth. 
The SWR data for the year 2015 is shown in Table 4b. LRR treatment had a 
higher SWR as compared to that under HRR treatment (Figure 1b). The SWR for LRR 
treatment was significantly higher by 12, 15, 16, and 20% at -2.5 kPa, -5.0 kPa, -10.0 kPa 
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and -30.0 kPa, respectively, at the 0-5 cm depth compared with HRR treatment. 
However, no significant differences were observed on SWR between the cover crop 
treatments, at the 0-5 cm depth. For 5-15 cm depth, LRR treatment had a higher SWR 
than that under HRR only at 0 and -0.4 kPa. The SWR on LRR treatment was 4 and 4% 
higher at 0 and -0.4 kPa respectively compared with HRR treatment. The cover crop had 
no significant impact on SWR for the 5-15 cm depth. However, the significant 
interactions between residue removal and cover crops were significant at -2.5 and -10 kPa 
for the 5-15 cm depth.  
The interactions data were analyzed separately and presented in Table 4c. The 
significant interactions between residue removal and cover crops were significant at -2.5 
and -10 kPa for the 5-15 cm depth only in 2015. For -2.5 kPa LRR with CC treatment 
significantly increased SWR value (0.44 m3m-3) by 7% compared with that under LRR 
with NCC treatment (0.41 m3m-3). Similarly, LRR with CC treatment (0.44 m3m-3) was 
significantly higher by 7% compared with HRR with CC treatment (0.41 m3m-3). For -10 
kPa, LRR with CC treatment had numerically greater SWR compared with LRR with 
NCC treatment and HRR with NCC treatment. However, these interactions for -10 kPa 
were not statistically significant. 
Our result showed that SWR was higher with LRR treatment. A similar finding 
was observed in a study conducted in Ohio, where LRR has 20-50% more water retained 
compared to that under HRR treatment (Blanco-Canqui and Lal, 2007). The reason for 
high SWR under LRR can be due higher SOC under this treatment. A study reported the 
positive relationship between SOC and SWR (Rawls et al., 2003b). Cover crop 
treatments did not affect the SWR in all pressure except at 0 kPa in the year 2014. The 
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previous study conducted on same experimental plots showed that there was no impact of 
cover crops on SWR (Wegner et al., 2015). The reason behind non-significance could be 
due to less cover crop biomass. Present and previous study on the same experimental plot 
showed that cover crops did not impact on SOC (Wegner et al., 2015). 
4.5. Water Infiltration Rate 
The data for the steady state infiltration rate (qs) of soil has been summarized in 
Table 5. In 2014, the residue removal treatments significantly impacted the qs (P<0.03). 
The LRR treatment (108 mm hr-1) had 66.6% higher qs as compared to that under the 
HRR treatment (64.8 mm hr-1). Similarly, the CC treatment significantly impacted the qs 
compared with the NCC treatment. The CC treatment (111 mm hr-1) had 80% higher qs 
compared with NCC treatment (61.7 mm hr-1). No interaction was observed between the 
residue removal treatment and the cover crop treatment on the qs. Similar results were 
observed in 2015. LRR treatment had significantly higher qs compared with that under 
HRR treatment (Figure 2). The LRR treatment (87 mm hr-1) had 22.5% higher qs 
compared with that HRR treatment (71 mm hr-1). Similarly, the qs under CC treatment 
(88.5 mm hr-1) was 27% higher than the NCC treatment (69.6 mm hr-1). The residue 
removal treatments and cover crops both significantly impacted infiltration rate. 
However, no interactions were observed between the residue removal and the cover crop 
treatment. 
Data from the present study showed that the qs under LRR treatment was 1.6 and 
1.2 times greater compared with HRR treatments for 2014 and 2015, respectively. 
Similar results were observed for the study conducted in Swan Lake research farm near 
Morris, MN where full return of residue (>7 MG ha-1 ) significantly increased qs by two 
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times as compared with that under less return of residue (< 2 MG ha-1) (Johnson et al., 
2016). Similarly, another study conducted in Ohio showed that when the residue cover 
was 100%, the qs was four times greater than when the residue cover was none (0%) 
(Blanco-Canqui and Lal, 2007). These studies concluded that crop residue provides 
favorable abiotic and biotic environment by improving the soil structure and soil 
aggregation, and increases earthworm population and insect burrows which causes higher 
infiltration rate for low residue removal compared with the high residue removal (Blanco-
Canqui and Lal, 2007; Johnson et al., 2016). In addition, crop residue increases SOC 
concentration in soil, which stabilizes soil aggregates, reduces soil bulk density and 
improves soil porosity which further enhances soil hydrological properties (Blanco-
Canqui et al., 2013; Hammerbeck et al., 2012; Johnson et al., 2016). However, another 
short-term study conducted for three years showed that stover removal reduced wet 
aggregate and SOC but did not impact on qs (Blanco-Canqui et al., 2014). Data from 
present study showed that qs with CC were 1.8 and 1.3 times greater compared with NCC 
for 2014 and 2015, respectively. The possible reason for the higher qs with CC was 
probably due to improved soil structure with more and continuous macro and micro 
pores, roots channel and less compaction under LRR treatments. The previous study on 
the same experimental study showed that greater stability of soil aggregates and smaller 
erodible fraction compared with the NCC treatments (Osborne et al., 2014). Another 
study conducted in clay loam soil in San Joaquin Valley, CA showed that infiltration with 
CC was 2.8 and 2.2 times higher compared with the NCC treatment (Mitchell et al., 
2017). Overall, data from the present study suggested that LRR and CC treatments result 
36 
 
 
 
in the higher SOC and SWR, the lower BD and SPR, higher number of soil pores which 
over all plays significant roles in increasing qs compared HRR and NCC treatments. 
4.6.  Volumetric Moisture Content (θ) 
Table 6a and 6b represent the volumetric Moisture Content (VMC) of samples 
collected on 0-day, (before planting sample), 11 days, 42 days, 96 days,126 days of (after 
planting samples) and 157 days (after harvesting sample) from depth 0-5, 5-15, 15-30 and 
30-45 cm depths. Further, the data were presented in Figure 3 where 0, 11, 42, 96, 126 
and 157-day sampling are represented as D1, D2, D3, D4, D5, and D6, respectively. In 
general, the plots with LRR and CC treatment had higher moisture content compared 
with HRR and NCC treatment respectively (Fig 3). In 0-5 cm depth, significant 
interactions between cover crop and residue were observed at 0 and 126-day sampling (P 
< 0.05; Table 6a). VMC (θ) with CC was 16% higher for 42- day sampling, compared 
with NCC treatment. For depth 5-15 cm, VMC (θ) of LRR treatment was significantly 
higher by 23% compared with HRR treatment for 96-day sampling (Table 6a). Similarly, 
VMC (θ) for CC treatment was 28% compared with NCC treatment for 96-day sampling. 
Interactions between residue and cover crops were not significant for this depth. For 
depth 15-30 cm, the VMC (θ) for LRR treatment was significantly higher by 26% 
compared with HRR treatment at 96-day sampling. However, no significant impact of 
cover crops was observed in this depth. The interaction between residue and cover crops 
was observed at 126 days after planting (P < 0.05, Table 6b). For 30-45 cm depth, a 
significant impact of residue removal and cover crop was observed in 11 and 42-day 
sampling. The VMC (θ) for LRR treatment was significantly higher by 24 and 25% 
compared with HRR treatment for 11 and 42- day sampling, respectively. Similarly, 
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VMC (θ) for CC treatment was significantly higher by 16% with NCC treatment at 42- 
day sampling. The interaction between residue by cover crop was significant at the 96-
day sampling (P < 0.05; Table 6b).  
The data were further analyzed to observe the interaction and presented in Table 
6c. For 0-5 cm depth, a significant interaction was observed on 0-day and 126-day 
sampling. Result for 0-day and 126-day sampling indicated that regardless of cover crop 
treatments, the LRR had higher VMC than HRR (Table 6c). The LRR with CC treatment 
significantly increased the VMC by 28 and 41% for 0 and 126-day sampling compared 
with HRR with CC treatments for the 0-5 cm depth. For 15-30 cm depth, the interaction 
between residue and cover crops treatment were significant on 126-day sampling. Our 
result indicated that regardless of cover crop treatments, LRR had higher VMC than HRR 
treatment (Table 6c). The LRR with NCC treatments had significantly higher VMC by 
13% compared with HRR with NCC treatment. For, 30-45 cm depth significant 
interaction was observed on 96-day sampling. The result indicated that regardless of 
cover crop treatments, LRR had higher VMC than HRR treatment (Table 6c). The LRR 
with NCC treatments had 14% higher VMC compared with HRR with NCC treatments. 
Present data showed that there was a significant impact of LRR treatment 
compared with HRR treatment on volumetric moisture content (θ). Similar results were 
observed by a study conducted in central Mexico, where soil moisture content was higher 
when residues were retained on the soil surface compared with when residue are removed 
(Govaerts et al., 2007). Significant impact of cover crops on soil moisture was observed 
on depth 0-5 cm for before planting sample. However, no significant impact of cover 
crops was observed for lower depth. The previous study showed that preserving high 
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moisture on surface depth was due to less evaporation and high SOC on surface depth 
(VanLoocke et al., 2012; Zhang). Present data showed the fluctuation of soil moisture 
during planting through harvesting. A study conducted in Iowa concluded that impact of 
cover crops on soil moisture depends on the biomass of cover crops (Daigh et al., 2014). 
The interaction effects in our study showed that LRR with CC had higher VMC 
compared with HRR with CC treatment. The present study suggested that maximum 
retention of residue is required to maintain higher VMC. The reason for higher VMC in 
LRR with CC treatment may be due to that returning stover and adopting cover crop 
protects the aggregates from breakdown and improves soil physical and hydrological 
properties (Johnson et al., 2016; Osborne et al., 2014; Stetson et al., 2012).  
4.7.  Soil Water Storage (SWS) 
Tables 7a and 7b represent the SWS data for the six sampling days, which include 
before planting sampling (day-0), the sample taken after 11, 42, 96, 126 days of planting 
and after harvesting sampling (day -157) from the depth 0-5, 5-15, 15-30 and 30-45 cm 
depth. In general, the plots under LRR and CC treatment had higher SWS compared with 
HRR and NCC treatments, respectively. In 0-5 cm depth, LRR treatment increased SWS 
by 7% and 14.5% for the 0-day and 126-day sampling, respectively, compared with the 
HRR treatment. The interaction between residue by cover crops was significant for 0-day 
and 126-day sampling (P< 0.05; Table 7a). For 5-15 cm depth, SWS with LRR treatment 
was significantly higher by 20.7% as compared to that under HRR treatment at 96-day 
sampling. No significant interaction between cover crops and crop residue was observed 
for this depth. For 15-30 cm depth, residue removal treatment significantly impact SWS 
on day 96-day and 126-day sampling. The SWS on LRR treatment was 19% higher 
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compared with HRR treatment at 96-day sampling. However, for 126-day sampling, the 
HRR had significantly higher SWS by 11% compared with that under LRR treatments 
Significant impact of cover crop treatment was observed on 157-day sampling. The NCC 
had significantly higher SWS by 10% compared with that under CC treatments. The 
interactions between residue and cover crop were not significant for this depth. For 30-45 
cm depth, significant impact of cover crop treatment was observed on 11-day,42-day and 
157-day sampling. The SWS for LRR treatment was higher by 20.7 and 20.5% compared 
with HRR treatment for 11 and 42-day sampling respectively. However, for the 157-day 
sampling, the HRR had significantly higher SWS by 14% compared with LRR treatment. 
No significant impact of cover crops was observed for this depth through the season. The 
interaction between residue and cover crop was significant (P< 0.05; Table 7b). on 96-
day sampling for 30-45 cm depth.  
Statistically significant interactions were separately analyzed and presented in 
Table 7c. Significant interaction were observed on 0-day for 0-5 cm depth and 126-day 
for 0-5 cm and 30-45 cm depth. For 0-day sampling the LRR with CC treatments had 
significantly higher SWS by 39% compared with the LRR with NCC treatment for 0-5cm 
depth. Similarly, the LRR with CC treatments had significantly higher SWS by 21% 
compared with HRR with CC treatments. However, for 126-day sampling, the HRR with 
NCC had higher SWS by 24% compared with HRR with CC treatments for 0-5 cm depth. 
For, 30-45 the LRR with CC treatments had significantly higher SWS by 22% compared 
with HRR with CC treatments. 
Data from the present study showed that LRR treatment had higher SWS 
compared with HRR treatments in 0-5 cm depth. Similar results were observed in a study 
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where the addition of mulch in no-till soybean crop system increased mean seasonal soil 
water storage by 55 and 59 mm in year 2006 and 2007 respectively compared with no 
mulch added (Obalum et al., 2011). Data from the present study showed that in general 
CC treatment has higher SWS compared with NCC treatments. Similar results were 
observed in another study conducted in Iowa with long term (>14 years) uses of winter 
rye cover crops increased soil water storage (Basche et al., 2016b). Some previous study 
showed that cover crops can reduce water availability for next crops in semiarid and 
water limited area (Nielsen et al., 2015; Nielsen et al., 2016). However, another study 
conducted in Iowa showed that winter cover crops increased SWS during the drought of 
2012 (Daigh et al., 2014). The interaction result showed that in general LRR with CC 
treatment increased SWS compared with LRR with NCC. Similarly, SWS was higher 
under LRR with CC compared with HRR with CC. However, on 126-day sampling HRR 
with NCC had significantly higher SWS by 24%. This inconsistent effects may cause due 
to seeding of cover crops. The 126-day samples were taken after seeding of cover crops. 
Similar results were observed on the pervious study which showed that cover crops 
reduced rainfall harvest in soil profile, which eventually decreased in SWS with cover 
crops compared with no cover crop treatment (Gabriel et al., 2012; He et al., 2016). 
However, the present study was designed to observed impacts of cover crops on soybean 
growing season. Our result indicate that cover crops did not negatively impact on SWS 
for soybean growing season i.e. May through August sampling. 
4.8.  Evapotranspiration, Soybean Yield and Water Use Efficiency (WUE) 
Residue removal and cover crop effects on ET, soybean yield and WUE are 
presented in Table 8. No significant impacts of residue removal treatment were observed 
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on ET, grain yield and WUE (P > 0.05; Table 8). Significant impact of cover crop on 
grain yield and WUE w observed. There was an increase in soybean yield by 14% and 
WUE by 13% with CC treatment compared with NCC treatment. The interaction between 
cover crops and crop residue on ET, grain yield and WUE were not statistically 
significant. 
Data from the present study showed that cover crop increased soybean yield and 
WUE. A similar result was observed by the study conducted on Loess Plateau where, the 
addition of leguminous cover crop increased WUE by 13% and wheat yield by 28% 
(Zhang et al., 2016). However, few studies did not found significant impacts of cover 
crops on WUE (Gabriel and Quemada, 2011; Tonitto et al., 2006). These results support 
the finding that reduction of crop yield is due to water competition (Kramberger et al., 
2009). However, another study suggested that long-term application of cover crops did 
not have any negative impacts on WUE instead improved soil water dynamics (Basche et 
al., 2016b). Data from the present study suggested that the application of cover crops has 
positive impacts on soil hydrological properties such as water infiltration and water 
retention which eventually stores more water on the soil surface. The other reason could 
be due to improved aggregate size distribution and an erodible fraction. Previous studies 
conducted on same experimental plots showed that cover crops help to improve SOM 
components, erodible fraction, and aggregate size distribution (Osborne et al., 2014; 
Stetson et al., 2012; Wegner et al., 2015). 
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Table 1. Soil organic carbon (SOC) and total nitrogen (TN) as influenced by low and 
high corn residue removal rates, and cover crops for the 0-5 and 5-15 cm depths under 
soybean phase of corn-soybean rotation. 
 
 Depths (cm) 
 0-5  5-15    0-5  5-15  
 SOC  TN 
Treatments --------------------------g kg-1------------------------------ 
Residue Removal      
  LRR† 26.2a†† 21.0a  2.14a 1.75a 
  HRR 21.5b 19.8a  1.83b 1.68a 
Cover Crop      
  CC 24.0a 20.6a  2.00a 1.73a 
  NCC 23.8a 20.2a  1.98a 1.71a 
 Analysis of Variance (P>F) 
Residue (R) <0.01 0.184  <0.01 0.18 
Crop (C) 0.84 0.689  0.82 0.68 
R × C 0.06 0.326   0.054 0.32 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P < 0.05. 
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Table 2a. Soil bulk density (BD) as influenced by low and high corn residue removal 
rates, and cover crops for the 0-5 and 5-15 cm depths under soybean phase of corn-
soybean rotation for 2014, 2015, and 2016. 
 
 2014  2015  2016 
 Depths (cm) 
Treatments 0-5  5-15   0-5  5-15   0-5 5-15 
 ------------BD (Mg m-3) ------------ 
Residue Removal         
  LRR† 1.41a†† 1.42a  1.30b 1.37a  1.29b 1.34b 
  HRR 1.42a 1.44a  1.40a 1.37a  1.38a 1.39a 
Cover Crop         
  CC 1.40a 1.43a  1.30b 1.36a  1.32a 1.33b 
  NCC 1.43a 1.43a  1.39a 1.38a  1.35a 1.40a 
 Analysis of Variance (P>F) 
Residue (R) 0.68 0.62  0.001 0.83  0.001 0.006 
Crop (C) 0.30 0.92  0.005 0.13  0.11 0.002 
R × C 0.04 0.40   0.08 0.25  0.08 0.23 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P < 0.05. 
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Table 2b. Interaction effects of residue removal and cover crops on bulk density (BD) for 
0-5 cm depth in 2014. 
Treatments 
BD 
CC NCC 
Mg m-3 
  LRR† 1.35aB†† 1.46aA 
  HRR 1.44aA 1.40aA 
† LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
†† Average value followed by same lower case letter with in each residue removal treatment and by capital 
letter within each cover crop treatment are not significantly different at P < 0.05. 
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Table 3a. Soil penetration resistance as influenced by low (LRR) and high (HRR) corn 
residue removal rates, and cover crops for the 0-5 and 5-15 cm depths under soybean (9 
months following residue removal) phase of corn-soybean rotation for 2014. 
 
  Soil Penetration Resistance (MPa) 
Treatments 0-5 cm 5-15 cm 
Residue Removal   
LRR† 2.23b†† 2.37b 
HRR 2.77a 3.01a 
Cover Crop   
CC 2.24b 2.46b 
NCC 2.76a 2.92a 
  Analysis of Variance (P<F) 
Residue (R) 0.009 0.001 
Crop (C) 0.01 0.01 
R x C 0.07 0.03 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P < 0.05. 
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Table 3b. Interaction effects of residue removal and cover crops on soil penetration 
resistance (SPR) for 5-15 cm depth. 
Treatments 
SPR 
CC NCC 
MPa 
  LRR† 2.33aA†† 2.41bA 
  HRR 2.57aB 3.43aA 
† LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
†† Average value followed by same lower case letter with in each residue removal treatment and by capital 
letter within each cover crop treatment are not significantly different at P < 0.05. 
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Table 4a. Soil water retention as influenced by low (LRR) and high (HRR) corn residue 
removal rates, and cover crops for the 0-5 and 5-15 cm depths under soybean phase of 
corn-soybean rotation for 2014. 
 
 Soil Water Pressure (kPa) 
Treatments 0 -0.4 -1 -2.5 -5 -10 -30 
 ----------------------------------m3 m-3------------------------------ 
 0-5 cm 
Residue Removal        
  LRR† 0.52
a†† 0.50a 0.48a 0.47a 0.45a 0.43a 0.40a 
  HRR 0.48
b 0.46b 0.44b 0.41b 0.39b 0.36b 0.34b 
Cover Crop        
  CC 0.52a 0.49a 0.47a 0.45a 0.42a 0.39a 0.36a 
  NCC 0.49b 0.46a 0.45a 0.43a 0.42a 0.40a 0.38a 
 Analysis of Variance (P>F) 
Residue (R) 0.0067 0.02 0.01 0.01 0.003 0.001 <0.0001 
 Crop (C) 0.03 0.09 0.16 0.32 0.80 0.64 0.30 
R × C 0.24 0.25 0.40 0.60 0.67 0.96 0.30 
     5-15 cm     
Residue Removal        
  LRR 0.50a 0.47a 0.45a 0.43a 0.42aa 0.40a 0.38a 
  HRR 0.48b 0.45b 0.44a 0.42a 0.41a 0.39a 0.37a 
Cover Crop        
  CC 0.49a 0.47a 0.45a 0.43a 0.42a 0.40a 0.37a 
  NCC 0.48a 0.46a 0.44a 0.42a 0.41a 0.39a 0.38a 
 Analysis of Variance (P>F) 
Residue (R) 0.03 0.05 0.06 0.15 0.39 0.41 0.81 
Crop (C) 0.31 0.31 0.32 0.15 0.28 0.41 0.81 
R × C 0.18 0.07 0.11 0.07 0.07 0.06 0.40 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P < 0.05. 
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Table 4b. Soil water retention as influenced by low (LRR) and high (HRR) corn residue 
removal rates, and cover crops for the 0-5 and 5-15 cm depths under soybean (9 months 
following residue removal) phase of corn-soybean rotation in 2015. 
 
 Soil Water Pressure (kPa) 
Treatments 0 -0.4 -1 -2.5 -5 -10 -30 
 -----------------------------------m3 m-3------------------------------------- 
      0-5 cm     
Residue Removal        
  LRR† 0.52a†† 0.50a 0.48a 0.46a 0.45a 0.43a 0.41a 
  HRR 0.50a 0.48a 0.45a 0.41b 0.39b 0.37b 0.34b 
Cover Crop        
  CC 0.53a 0.50a 0.47a 0.43a 0.42a 0.40a 0.37a 
  NCC 0.50a 0.47a 0.46a 0.44a 0.42a 0.41a 0.38a 
 Analysis of Variance (P>F) 
Residue (R) 0.12 0.17 0.06 0.009 0.005 0.001 0.0001 
 Crop (C) 0.09 0.11 0.28 0.76 0.96 0.59 0.17 
R × C 0.15 0.24 0.50 0.52 0.96 0.52 0.64 
     5-15 cm     
Residue Removal        
  LRR 0.50a 0.47a 0.45a 0.43a 0.42a 0.40a 0.38a 
  HRR 0.48b 0.45b 0.44a 0.42a 0.41a 0.40a 0.38a 
Cover Crop        
  CC 0.49a 0.47a 0.45a 0.43a 0.42a 0.40a 0.37a 
  NCC 0.48a 0.45a 0.44a 0.42a 0.41a 0.40a 0.38a 
 Analysis of Variance (P>F) 
Residue (R) 0.02 0.03 0.05 0.19 0.87 0.65 0.94 
Crop (C) 0.18 0.23 0.31 0.19 0.69 0.65 0.59 
R × C 0.32 0.13 0.10 0.04 0.06 0.04 0.26 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P < 0.05. 
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Table 4c. Interaction effects of residue removal and cover crops on soil water retention 
on 5-15 cm depth under soybean (9 months following residue removal) phase of corn-
soybean rotation in 2015. 
 
  Soil Water Pressure (kPa) 
Treatments 
-2.5   -10 
5- 15 cm 
CC NCC  CC NCC 
                       ---------------m3 m-3--------------- 
  LRR† 0.44aA†† 0.41aB 
 
0.4aA 0.38aA 
  HRR 0.41bA 0.42aA 
  0.38aA 0.40aA 
† LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
†† Average value followed by same lower case letter with in each residue removal treatment and by capital 
letter within each cover crop treatment are not significantly different at P < 0.05. 
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Table 5. Soil water infiltration rate as influenced by low and high corn residue removal 
rates, and cover crops under soybean (9 months following residue removal) phase of 
corn-soybean rotation for 2014 and 2015. 
 
Treatments 
Infiltration Rate 
2014  2015 
----------------mm hr-1-------------- 
Residue Removal    
  LRR† 108.2a††  87.1a 
  HRR 64.8b  71.1b 
Cover Crop    
  CC 111.3a  88.5a 
  NCC 61.7b  69.6b 
 Analysis of Variance (P>F) 
Residue (R) 0.03  0.02 
Crop (C) 0.03  0.01 
R × C 0.11  0.89 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly   
different at P < 0.05. 
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Table 6a. Soil volumetric moisture content () influenced by low (LRR) and high (HRR) 
corn residue removal rates, and cover crops for the 0-5 and 5-15 cm depths under 
soybean (9 months following residue removal) phase of corn-soybean rotation for 2016. 
 
 Days After Planting 
 0 11 42 96 126 157 
 0-5 cm Depth 
Treatments Volumetric Moisture Content
 -----------m3 m-3----------- 
Residue Removal  
LRR† 0.36a†† 0.32a 0.29a 0.34a 0.39a 0.37a 
HRR 0.31b 0.29a 0.25a 0.31a 0.32b 0.34a 
Cover Crops       
CC 0.37a 0.32a 0.29a 0.33a 0.35a 0.36a 
NCC 0.30b 0.29a 0.25b 0.31a 0.36a 0.35a 
 Analysis of Variance (P>F) 
Residue (R) 0.008 0.30 0.11 0.20 0.008 0.09 
Crop (C) 0.001  0.20 0.04 0.37 0.79 0.73 
R×C 0.01 0.79 0.48 0.25  0.03 0.23 
 5-15 cm Depth 
Residue Removal  
LRR 0.33a 0.34a 0.27a 0.32a 0.36a 0.34a 
HRR 0.30a 0.30a 0.27a 0.26b 0.32a 0.32a 
Cover Crops       
CC 0.33a 0.32a 0.28a 0.32a 0.35a 0.31a 
NCC 0.30a 0.32a 0.26a 0.25b 0.33a 0.35a 
 Analysis of Variance (P>F) 
Residue (R) 0.09 0.12 0.79 0.01 0.17 0.36 
 Crop (C) 0.26 0.86 0.31 0.01 0.56 0.06 
R×C 0.50 0.32 0.44 0.10 0.74 0.27 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P<0.05. 
 
 
 
  
58 
 
 
 
Table 6b. Soil volumetric moisture content () influenced by low (LRR) and high (HRR) 
corn residue removal rates, and cover crops for the 15-30 cm and 30 - 45 cm depths under 
soybean (9 months following residue removal) phase of corn-soybean rotation for 2016. 
 
 Days After Planting 
 0 11 42 96 126 157 
 15-30 cm Depth 
Treatments Volumetric Moisture Content
 -----------------------m3 m-3------------------------- 
Residue Removal  
LRR† 0.32a†† 0.28a 0.29a 0.34a 0.34a 0.31a 
HRR 0.30a 0.27a 0.25a 0.27b 0.32a 0.30a 
Cover Crops       
CC 0.32a 0.28a 0.28a 0.31a 0.33a 0.30a 
NCC 0.30a 0.26a 0.26a 0.30a 0.33a 0.31a 
 Analysis of Variance (P>F) 
Residue (R) 0.16 0.46 0.15 0.02 0.11 0.23 
 Crop (C) 0.09 0.20 0.28 0.87 0.72 0.13 
R×C 0.61 0.59 0.15 0.53 0.024 0.86 
 30-45 cm Depth 
Residue Removal  
LRR 0.32a 0.31a 0.30a 0.35a 0.30a 0.29a 
HRR 0.32a 0.25b 0.24b 0.30b 0.30a 0.32a 
Cover Crops       
CC 0.32a 0.29a 0.29a 0.33a 0.30a 0.32a 
NCC 0.31a 0.27a 0.25b 0.31b 0.31a 0.29a 
 Analysis of Variance (P>F) 
Residue (R) 0.79 0.001 0.005 < 0.01 0.88 0.06 
 Crop (C) 0.33 0.25 0.03 0.009 0.88 0.07 
R×C 0.89 0.76 0.17 0.009 0.49 0.49 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P<0.05. 
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Table 6c. Interaction effects of residue removal and cover crops on volumetric moisture 
content () under soybean (9 months following residue removal) phase of corn-soybean 
rotation. 
 
Treatments  
Volumetric Moisture Content 
0 -day 126 - day 96 - day 
0-5 cm 0-5 cm 15 - 30 cm 30 - 45 cm 
 CC NCC CC NCC CC NCC CC NCC 
 -----------------------m3 m-3)------------------------- 
  LRR† 
0.41aA†† 0.30aA 0.41aA 0.36aA 0.34aA 0.35aA 0.36aA 0.33aB 
  HRR 
0.32bA 0.29aA 0.29bA 0.34aA 0.33aA 0.31bA 0.29bA 0.29bA 
† LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
†† Average value followed by same lower case letter with in each residue removal treatment and by capital 
letter within each cover crop treatment are not significantly different at P < 0.05 
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Table 7a. Soil water storage (SWS) as influenced by low (LRR) and high (HRR) corn 
residue removal rates, and cover crops for the 0-5 and 5-15 cm depths under soybean (9 
months following residue removal) phase of corn-soybean rotation for 2016. 
 
 Days After Planting   
Treatments 0 11 42 96 126 157   
 0-5 cm Depth 
 --------------SWS (mm) ----------  Total 
Residue Removal    
LRR† 23.0a†† 20.5a 18.6a 21.9a 25.2a 23.9a  133.1a 
HRR 21.4b 20.0a 17.6a 21.1a 22.0b 23.5a  125.7a 
Cover Crops         
CC 24.4a 21.2a 19.4a 20.4a 23.2a 23.6a  132.3a 
NCC 20.1b 19.2a 16.7a 22.7a 24.0a 23.8a  126.4a 
 Analysis of Variance (P>F) 
Residue (R) 0.04 0.79 0.47 0.60 0.04 0.72  0.06 
 Crop (C) 0.0001 0.25 0.08 0.17 0.54 0.89  0.12 
R×C 0.002 0.54 0.39  0.52 0.02 0.15  0.02 
  5-15 cm Depth 
Residue Removal  
LRR 44.1a 44.8a 36.0a 43.0a 48.2a 45.5a  261.5a 
HRR 41.2a 41.8a 38.1a 35.6b 44.9a 45.2a  246.8a 
Cover Crops   
CC 43.1a 42.4a 37.0a 43.1a 46.4a 41.9b  254.0a 
NCC 42.1a 44.2a 37.1a 35.5b 46.6a 48.8a  254.3a 
  Analysis of Variance (P>F) 
Residue (R) 0.30 0.31 0.28 0.03 0.39 0.92  0.24 
 Crop (C) 0.70 0.52 0.97 0.02 0.95 0.03  0.97 
R×C 0.79 0.26 0.25 0.07 0.54 0.22  0.21 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P<0.05. 
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Table 7b. Soil water storage (SWS) as influenced by low (LRR) and high (HRR) corn 
residue removal rates, and cover crops for the 15-30 and 30-45 cm depths under soybean 
(9 months following residue removal) phase of corn-soybean rotation for 2016. 
 
 Days After Planting   
Treatments 0 11 42 96 126 157   
 15-30 cm depth 
 ---------------SWS (mm) -----------  Total 
Residue Removal    
LRR† 63.5a†† 56.0a 57.4a 68.0a 64.7b 62.7a  372.4a 
HRR 63.6a 55.8a 52.5a 57.0b 71.9a 63.1a  363.8a 
Cover Crops         
CC 64.0a 56.9a 56.3a 61.4a 67.2a 59.8b  365.6a 
NCC 63.1a 54.8a 53.6a 63.6a 69.5a 66.0a  370.6a 
 Analysis of Variance (P>F) 
Residue (R) 0.94 0.94 0.26 0.03 0.03 0.88  0.38 
 Crop (C) 0.64 0.53 0.53 0.59 0.39 0.04  0.60 
R×C 0.55 0.65 0.13 0.52 0.07 0.97  0.87 
 30-45 cm depth 
Residue Removal  
LRR 67.1a 65.3a 62.1a 73.3a 63.2a 60.4b  391.6a 
HRR 68.5a 54.1b 51.5b 63.7b 65.3a 69.0a  372.1b 
Cover Crops         
CC 67.2a 59.4a 59.0a 68.6a 61.8a 66.0a  382.0a 
NCC 68.4a 60.1a 54.6a 68.4a 66.8a 63.4a  381.7a 
 Analysis of Variance (P>F) 
Residue (R) 0.70 0.004 0.003 0.001 0.64 0.003  0.04 
 Crop (C) 0.73 0.76 0.09 0.90 0.30 0.18  0.96 
R×C 0.73 0.53 0.06 0.04 0.60 0.60  0.31 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P<0.05. 
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Table 7c. Interaction effects of residue removal and cover crops on soil water storage 
(SWS) under soybean (9 months following residue removal) phase of corn-soybean 
rotation. 
Treatments 
Soil water storage (SWS) 
0-day   126-day   96-day 
0-5 cm   30 - 45 cm 
          CC NCC   CC NCC   CC NCC 
 ---------------mm---------------- 
  LRR† 26.7aA†† 19.2aB  26.7aA 23.6aA  75.5aA 71.0aA 
  HRR 22.0bA 20.8aA   19.6aB 24.3aA   61.8bA 65.7aA 
 
† LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
†† Average value followed by same lower case letter with in each residue removal treatment and by capital 
letter within each cover crop treatment are not significantly different at P < 0.05 
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Table 8. Evapotranspiration (ET), grain yield and water use efficiency (WUE) as 
influenced by low (LRR) and high (HRR) corn residue removal rates, and cover crops 
(CC) and no cover crop (NCC) treatment under soybean (9 months following residue 
removal) phase of corn-soybean rotation for 2016. 
 
Treatments ET  Grain Yield  WUE 
 -----mm-----  ----kg ha-1-----  Kg ha-1 mm-1 
Residue Removal      
  LRR† 2279a††  2708a  1.19
a 
  HRR 2268a  2738a  1.21
a 
Cover Crop      
  CC 2281a  2906
a  1.27
a 
  NCC 2267a  2540b  1.12
b 
 Analysis of Variance (P<F) 
Residue (R) 0.13  0.71  0.59 
Crop (C) 0.06  0.003  0.003 
R × C 0.22  0.38  0.32 
†LRR, low residue removal; HRR, high residue removal; CC, cover crop; NCC, no cover crop. 
††Means values followed by different letters within a column for different treatments are significantly 
different at P<0.05. 
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Fig. 1a. Soil water retention as influenced by low (LRR) and high (HRR) corn residue 
removal rates, and cover crops for the 0-5 and 5-15 cm depths under soybean (9 months 
following residue removal) phase of corn-soybean rotation for 2014. 
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Fig. 1b. Soil water retention as influenced by low (LRR) and high (HRR) corn residue 
removal rates, and cover crops for the 0-5 and 5-15 cm depths under soybean (9 months 
following residue removal) phase of corn-soybean rotation for 2015. 
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Fig. 2. Soil water infiltration as influenced by low (LRR) and high (HRR) corn residue 
removal rates, and cover crops under soybean (9 months following residue removal) 
phase of corn-soybean rotation for 2014 and 2015. 
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Fig. 3. Soil volumetric moisture content (θ) as influenced by low (LRR) and high (HRR) 
corn residue removal rates, and cover crops for the 0-5, 5-15, 15-30 and 30 -45 cm depths 
under soybean (9 months following residue removal) phase of corn-soybean rotation for 
2016. 
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CHAPTER 5 
CONCLUSIONS 
In the North Central region of the USA, there is limited information available 
about adopting cover crops and maintaining the maximum level of crop residue. Crop 
residue and cover crops have a strong impact on soil organic carbon (SOC), soil 
hydrological properties, which overall improves the soils and crop productivity. The 
present study was conducted for a complete understanding of the impacts of cover crops 
and crop residue on soil hydrological properties, water use efficiency (WUE) and 
soybean yield. The study site was in Brookings, South Dakota. Soil types in the study 
area were Kranzburg and Brookings. The experiment was initiated in spring of 2000 
under no-till corn and soybean rotation. Two residue removal treatments that include low 
residue removal (LRR) and high residue removal (HRR) were established in three 
replicates of randomized complete block design in 2000. In fall 2005, cover crop 
treatments that include with cover crop (CC) or without cover crop (NCC) were 
integrated into the overall design, adjusting the experimental design from a randomized 
complete block design to a split-plot design. Selected soil chemical (SOC and total 
nitrogen; TN), physical (bulk density and soil penetration resistance), hydrological (soil 
water infiltration, soil water retention, volumetric moisture content, soil water storage), 
WUE, and soybean yield were measured. The following conclusions were drawn from 
this study: 
(i). The SOC and TN were higher under LRR treatment as compared to that under HRR 
treatment for the 0-5 cm depth. 
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(ii). The adoption of cover crop treatment in LRR treatment reduced the soil bulk 
density compared with HRR with NCC treatment for the 0-5 cm depth in 2014. In 
2015, LRR treatment reduced bulk density only for the 0-5 cm compared with HRR 
treatment. However, LRR reduced bulk density for both depths (0-5 and 5-15 cm) 
in 2016 (after 16 years of low residue removal practice) compared with that under 
HRR treatment. 
(iii). Cover crops improved the SOC, and hence reduced the soil bulk density compared 
to no cover crop treatment in 2015 and 2016. 
(iv). Soil penetration resistance (SPR) was lower under LRR as compared to that under 
HRR treatment for the 0-5 cm depth. However, for 5-15 cm, the interaction of 
residue removal by cover crop was significant. The LRR with NCC treatment 
reduced SPR compared to HRR with NCC treatment. Similarly, HRR with CC 
treatment reduced SPR compared to HRR with NCC treatments. 
(v). Soil water retention (SWR) was higher under LRR treatment as compared to HRR 
treatment in the 0 -5 cm depth. However, for 5-15 cm, the interaction of residue 
removal by cover crop was significant at -2.5 and -10 kPa. The LRR with CC 
treatment increased the SWR compared with LRR with NCC treatment. Similarly, 
LRR with CC treatment increased the SWR compared with HRR with CC 
treatment. 
(vi). The infiltration rate was 1.6 and 1.2 times greater in LRR treatment compared with 
HRR treatment for 2014 and 2015, respectively. Similarly, infiltration rate was 1.8 
and 1.3 times greater in CC treatment compared with NCC treatment for 2014 and 
2015, respectively. 
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(vii).  Volumetric moisture content and soil water storage was, in general, higher under 
the LRR treatment compared to HRR treatment. Similarly, volumetric moisture 
content and soil water storage was, in general, higher under the CC treatment 
compared to NCC treatment. However, the trend was not consistent from May 
through October sampling days. Some interactions were observed which showed 
regardless of cover crop treatments, LRR had higher soil volumetric moisture 
content and soil water storage than HRR treatment. 
(viii). There was an increase in soybean yield by 14% and WUE by 13% with CC 
treatments compared with NCC treatment. However, no significant impact of 
residue removal treatment was observed on evapotranspiration (ET), grain yield and 
water use efficiency (P > 0.05).  
Data from this study suggest that low residue removal with cover crops can be 
beneficial in improving the soil hydrological properties compared to low residue removal 
with no cover crops treatments. Similarly, high residue removal treatments with cover 
crop treatment can be beneficial in improving the soil hydrological properties compared 
to high residue removal with no cover crops treatment.  
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APPENDIX 1 
A1.1 Soil organic carbon (g kg-1) of soil for 0-5 and 5-15 cm depths in 2015 
REP, replication; RR, residue removal treatment; CC, cover crop treatment; SOC, soil 
organic carbon 
0 -5 cm   5 -15 cm  
Plot REP RR CC SOC Plot REP RR CC SOC 
106A 1 LRR Y 25.72 106A 1 LRR Y 22.79 
106B 2 LRR Y 29.55 106B 2 LRR Y 21.68 
207A 3 LRR Y 23.45 207A 3 LRR Y 16.53 
207B 4 LRR Y 21.64 207B 4 LRR Y 16.82 
302A 5 LRR Y 27.34 302A 5 LRR Y 21.16 
302B 6 LRR Y 23.73 302B 6 LRR Y 23.34 
105A 1 LRR N 29.25 105A 1 LRR N 21.41 
105B 2 LRR N 29.20 105B 2 LRR N 20.76 
208A 3 LRR N 30.30 208A 3 LRR N 22.49 
208B 4 LRR N 23.88 208B 4 LRR N 18.54 
301A 5 LRR N 25.84 301A 5 LRR N 24.90 
301B 6 LRR N 24.94 301B 6 LRR N 21.69 
101A 1 HRR Y 24.27 101A 1 HRR Y 20.57 
101B 2 HRR Y 18.84 101B 2 HRR Y 23.40 
211A 3 HRR Y 21.97 211A 3 HRR Y 18.14 
211B 4 HRR Y 24.28 211B 4 HRR Y 18.71 
305A 5 HRR Y 23.71 305A 5 HRR Y 20.93 
305B 6 HRR Y 23.40 305B 6 HRR Y 18.61 
102A 1 HRR N 21.15 102A 1 HRR N 25.69 
102B 2 HRR N 25.35 102B 2 HRR N 21.84 
212 A 3 HRR N 16.80 212 A 3 HRR N 16.79 
212 B 4 HRR N 16.64 212 B 4 HRR N 16.47 
306A 5 HRR N 23.84 306A 5 HRR N 20.12 
306B 6 HRR N 18.10 306B 6 HRR N 16.26 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.2 Total nitrogen (g kg-1) of soil for 0-5 and 5-15 cm depths in 2015 
REP, replication; TN, total nitrogen; RR, residue removal treatment; CC, cover crop 
treatment 
0 -5 cm   5 -15 cm  
Plot REP RR CC TN Plot REP RR CC TN 
106A 1 LRR Y 2.17 106A 1 LRR Y 1.98 
106B 2 LRR Y 2.41 106B 2 LRR Y 1.89 
207A 3 LRR Y 1.86 207A 3 LRR Y 1.35 
207B 4 LRR Y 1.76 207B 4 LRR Y 1.38 
302A 5 LRR Y 2.27 302A 5 LRR Y 1.80 
302B 6 LRR Y 1.95 302B 6 LRR Y 1.93 
105A 1 LRR N 2.32 105A 1 LRR N 1.80 
105B 2 LRR N 2.42 105B 2 LRR N 1.77 
208A 3 LRR N 2.21 208A 3 LRR N 1.73 
208B 4 LRR N 2.03 208B 4 LRR N 1.58 
301A 5 LRR N 2.21 301A 5 LRR N 2.03 
301B 6 LRR N 2.12 301B 6 LRR N 1.88 
101A 1 HRR Y 2.06 101A 1 HRR Y 1.70 
101B 2 HRR Y 1.62 101B 2 HRR Y 1.99 
211A 3 HRR Y 1.89 211A 3 HRR Y 1.56 
211B 4 HRR Y 2.01 211B 4 HRR Y 1.56 
305A 5 HRR Y 1.99 305A 5 HRR Y 1.81 
305B 6 HRR Y 2.01 305B 6 HRR Y 1.61 
102A 1 HRR N 1.78 102A 1 HRR N 2.09 
102B 2 HRR N 2.15 102B 2 HRR N 1.84 
212 A 3 HRR N 1.41 212 A 3 HRR N 1.44 
212 B 4 HRR N 1.44 212 B 4 HRR N 1.42 
306A 5 HRR N 2.04 306A 5 HRR N 1.77 
306B 6 HRR N 1.65 306B 6 HRR N 1.46 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
 
 
 
 
73 
 
 
 
 
A1.3 Soil bulk density (Mg m-3) of soil for 0-5 and 5-15 cm depths in 2014 
REP, replication; RR, residue removal treatment; CC, cover crop treatment; BD, bulk 
density. 
0 -5 cm   5 -15 cm  
Plot REP RR CC TN Plot REP RR CC TN 
111A 1 LRR Y 1.33 106A 1 LRR Y 1.47 
111B 2 LRR Y 1.34 106B 2 LRR Y 1.51 
201A 3 LRR Y 1.38 207A 3 LRR Y 1.54 
201B 4 LRR Y 1.32 207B 4 LRR Y 1.42 
307A 5 LRR Y 1.34 302A 5 LRR Y 1.36 
307B 6 LRR Y 1.44 302B 6 LRR Y 1.33 
112A 1 LRR N 1.40 105A 1 LRR N 1.31 
112B 2 LRR N 1.50 105B 2 LRR N 1.58 
202A 3 LRR N 1.56 208A 3 LRR N 1.35 
202B 4 LRR N 1.47 208B 4 LRR N 1.46 
308A 5 LRR N 1.32 301A 5 LRR N 1.29 
308B 6 LRR N 1.51 301B 6 LRR N 1.37 
107A 1 HRR Y 1.56 101A 1 HRR Y 1.62 
107B 2 HRR Y 1.52 101B 2 HRR Y 1.31 
205A 3 HRR Y 1.49 211A 3 HRR Y 1.44 
205B 4 HRR Y 1.36 211B 4 HRR Y 1.35 
311A 5 HRR Y 1.39 305A 5 HRR Y 1.44 
311B 6 HRR Y 1.32 305B 6 HRR Y 1.37 
108A 1 HRR N 1.44 102A 1 HRR N 1.26 
108B 2 HRR N 1.39 102B 2 HRR N 1.49 
206A 3 HRR N 1.35 212A 3 HRR N 1.60 
206B 4 HRR N 1.52 212B 4 HRR N 1.63 
312A 5 HRR N 1.33 306A 5 HRR N 1.39 
312B 6 HRR N 1.40 306B 6 HRR N 1.37 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.4 Soil bulk density (Mg m-3) for 0-5 and 5-15 cm depths in 2015  
REP, replication; RR, residue removal treatment; CC, cover crop treatment; BD, bulk 
density. 
0 -5 cm   5 -15 cm  
Plot REP RR CC BD Plot REP RR CC BD 
106A 1 LRR Y 1.32 106A 1 LRR Y 1.35 
106B 2 LRR Y 1.28 106B 2 LRR Y 1.33 
207A 3 LRR Y 1.30 207A 3 LRR Y 1.37 
207B 4 LRR Y 1.29 207B 4 LRR Y 1.38 
302A 5 LRR Y 1.20 302A 5 LRR Y 1.28 
302B 6 LRR Y 1.28 302B 6 LRR Y 1.38 
105A 1 LRR N 1.37 105A 1 LRR N 1.36 
105B 2 LRR N 1.34 105B 2 LRR N 1.41 
208A 3 LRR N 1.30 208A 3 LRR N 1.38 
208B 4 LRR N 1.20 208B 4 LRR N 1.42 
301A 5 LRR N 1.28 301A 5 LRR N 1.37 
301B 6 LRR N 1.42 301B 6 LRR N 1.41 
101A 1 HRR Y 1.31 101A 1 HRR Y 1.33 
101B 2 HRR Y 1.30 101B 2 HRR Y 1.43 
211A 3 HRR Y 1.40 211A 3 HRR Y 1.36 
211B 4 HRR Y 1.35 211B 4 HRR Y 1.42 
305A 5 HRR Y 1.36 305A 5 HRR Y 1.30 
305B 6 HRR Y 1.22 305B 6 HRR Y 1.38 
102A 1 HRR N 1.46 102A 1 HRR N 1.37 
102B 2 HRR N 1.42 102B 2 HRR N 1.39 
212A 3 HRR N 1.54 212A 3 HRR N 1.38 
212B 4 HRR N 1.52 212B 4 HRR N 1.30 
306A 5 HRR N 1.40 306A 5 HRR N 1.40 
306B 6 HRR N 1.46 306B 6 HRR N 1.42 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.5 Soil bulk density (Mg m-3) for 0-5 and 5-15 cm depths in 2016 
REP, replication; RR, residue removal treatment; CC, cover crop treatment, BD, bulk 
density. 
0 -5 cm   5 -15 cm  
Plot REP RR CC BD Plot REP RR CC BD 
111 1 LRR Y 1.29 111 1 LRR Y 1.32 
201 2 LRR Y 1.32 201 2 LRR Y 1.28 
307 3 LRR Y 1.27 307 3 LRR Y 1.27 
112 1 LRR N 1.33 112 1 LRR N 1.40 
202 2 LRR N 1.29 202 2 LRR N 1.35 
308 3 LRR N 1.25 308 3 LRR N 1.39 
107 1 HRR Y 1.36 107 1 HRR Y 1.39 
205 2 HRR Y 1.38 205 2 HRR Y 1.33 
311 3 HRR Y 1.32 311 3 HRR Y 1.38 
108 1 HRR N 1.40 108 1 HRR N 1.43 
206 2 HRR N 1.41 206 2 HRR N 1.44 
312 3 HRR N 1.42 312 3 HRR N 1.39 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.6 Soil penetration resistance (MPa) for 0-5 and 5-15 cm depths in 2014 
REP, replication; RR, residue removal treatment; CC, cover crop treatment; SPR, soil 
penetration resistance. 
2014   2015  
Plot REP RR CC SPR Plot REP RR CC SPR 
111A 1 LRR Y 2.08 106A 1 LRR Y 2.08 
111B 2 LRR Y 2.31 106B 2 LRR Y 2.31 
201A 3 LRR Y 2.59 207A 3 LRR Y 2.59 
201B 4 LRR Y 2.50 207B 4 LRR Y 2.50 
307A 5 LRR Y 1.61 302A 5 LRR Y 1.61 
307B 6 LRR Y 1.76 302B 6 LRR Y 1.76 
112A 1 LRR N 2.02 105A 1 LRR N 2.02 
112B 2 LRR N 2.21 105B 2 LRR N 2.21 
202A 3 LRR N 2.71 208A 3 LRR N 2.71 
202B 4 LRR N 2.69 208B 4 LRR N 2.69 
308A 5 LRR N 2.18 301A 5 LRR N 2.18 
308B 6 LRR N 2.09 301B 6 LRR N 2.09 
107A 1 HRR Y 3.00 101A 1 HRR Y 3.00 
107B 2 HRR Y 2.95 101B 2 HRR Y 2.95 
205A 3 HRR Y 2.24 211A 3 HRR Y 2.24 
205B 4 HRR Y 1.59 211B 4 HRR Y 1.59 
311A 5 HRR Y 2.07 305A 5 HRR Y 2.07 
311B 6 HRR Y 2.16 305B 6 HRR Y 2.16 
108A 1 HRR N 4.13 102A 1 HRR N 4.13 
108B 2 HRR N 3.16 102B 2 HRR N 3.16 
206A 3 HRR N 2.87 212A 3 HRR N 2.87 
206B 4 HRR N 2.88 212B 4 HRR N 2.88 
312A 5 HRR N 3.20 306A 5 HRR N 3.20 
312B 6 HRR N 2.95 306B 6 HRR N 2.95 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.8 Soil water retention (m3 m-3) for 0-5 cm depth in 2014 
REP, replication; RR, residue removal; CC, cover crop; SWR, soil water retention. 
Plot REP RR CC 0 -0.04 -0.1 -2.5 -5 -10 -30 
111A 1 LRR Y 0.57 0.56 0.54 0.52 0.50 0.48 0.38 
111B 2 LRR Y 0.55 0.54 0.52 0.50 0.45 0.40 0.37 
201A 3 LRR Y 0.49 0.46 0.44 0.42 0.41 0.40 0.37 
201B 4 LRR Y 0.50 0.47 0.46 0.44 0.42 0.41 0.39 
307A 5 LRR Y 0.54 0.51 0.50 0.48 0.47 0.45 0.42 
307B 6 LRR Y 0.52 0.49 0.47 0.45 0.43 0.42 0.41 
112A 1 LRR N 0.51 0.48 0.46 0.44 0.44 0.43 0.41 
112B 2 LRR N 0.49 0.46 0.45 0.43 0.43 0.41 0.39 
202A 3 LRR N 0.50 0.47 0.45 0.43 0.42 0.41 0.40 
202B 4 LRR N 0.54 0.51 0.50 0.49 0.48 0.46 0.45 
308A 5 LRR N 0.52 0.51 0.50 0.49 0.48 0.48 0.47 
308 B 6 LRR N 0.53 0.50 0.48 0.46 0.43 0.41 0.38 
107A 1 HRR Y 0.51 0.49 0.47 0.44 0.43 0.38 0.36 
107B 2 HRR Y 0.48 0.46 0.42 0.36 0.33 0.31 0.29 
205A 3 HRR Y 0.50 0.47 0.46 0.45 0.39 0.37 0.35 
205B 4 HRR Y 0.51 0.50 0.49 0.48 0.42 0.36 0.33 
311A 5 HRR Y 0.50 0.47 0.43 0.40 0.37 0.33 0.33 
311B 6 HRR Y 0.53 0.50 0.47 0.44 0.42 0.40 0.36 
108A 1 HRR N 0.41 0.38 0.35 0.33 0.30 0.29 0.27 
108B 2 HRR N 0.41 0.37 0.36 0.36 0.34 0.33 0.28 
206A 3 HRR N 0.49 0.47 0.46 0.44 0.42 0.40 0.37 
206B 4 HRR N 0.50 0.47 0.45 0.43 0.42 0.39 0.37 
312A 5 HRR N 0.45 0.42 0.40 0.38 0.36 0.35 0.35 
312B 6 HRR N 0.51 0.50 0.49 0.47 0.45 0.44 0.38 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.9 Soil water retention (m3 m-3) for 5-15 cm depths in 2014 
REP, replication; RR, residue removal; CC, cover crop; SWR, soil water retention. 
Plot REP RR CC 0 -0.04 -0.1 -2.5 -5 -10 -30 
111A 1 LRR Y 0.53 0.51 0.50 0.47 0.45 0.43 0.32 
111B 2 LRR Y 0.51 0.49 0.48 0.42 0.39 0.37 0.34 
201A 3 LRR Y 0.48 0.45 0.43 0.42 0.40 0.38 0.36 
201B 4 LRR Y 0.48 0.45 0.44 0.42 0.41 0.40 0.39 
307A 5 LRR Y 0.50 0.48 0.46 0.45 0.44 0.42 0.41 
307B 6 LRR Y 0.56 0.52 0.50 0.49 0.47 0.45 0.45 
112A 1 LRR N 0.48 0.45 0.44 0.42 0.41 0.40 0.39 
112B 2 LRR N 0.51 0.49 0.48 0.42 0.39 0.37 0.34 
202A 3 LRR N 0.48 0.43 0.41 0.40 0.38 0.37 0.36 
202B 4 LRR N 0.44 0.41 0.40 0.38 0.37 0.35 0.34 
308A 5 LRR N 0.50 0.48 0.46 0.45 0.44 0.43 0.42 
308 B 6 LRR N 0.52 0.48 0.46 0.44 0.43 0.41 0.38 
107A 1 HRR Y 0.46 0.43 0.42 0.40 0.38 0.36 0.34 
107B 2 HRR Y 0.44 0.42 0.40 0.39 0.38 0.37 0.36 
205A 3 HRR Y 0.48 0.44 0.42 0.41 0.40 0.38 0.37 
205B 4 HRR Y 0.48 0.44 0.42 0.40 0.39 0.37 0.33 
311A 5 HRR Y 0.49 0.46 0.45 0.44 0.43 0.42 0.39 
311B 6 HRR Y 0.51 0.49 0.48 0.47 0.45 0.43 0.41 
108A 1 HRR N 0.46 0.44 0.43 0.42 0.41 0.40 0.38 
108B 2 HRR N 0.50 0.46 0.44 0.41 0.39 0.37 0.33 
206A 3 HRR N 0.48 0.46 0.44 0.42 0.40 0.38 0.36 
206B 4 HRR N 0.47 0.45 0.44 0.42 0.42 0.40 0.39 
312A 5 HRR N 0.49 0.47 0.46 0.45 0.45 0.43 0.42 
312B 6 HRR N 0.48 0.45 0.42 0.41 0.40 0.40 0.39 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.10 Soil water retention (m3 m-3) for 0-5 cm depth in 2015 
REP, replication; RR, residue removal; CC, cover crop; SWR, soil water retention. 
Plot REP RR CC 0 -0.04 -0.1 -2.5 -5 -10 -30 
106A 1 LRR Y 0.57 0.56 0.54 0.52 0.50 0.48 0.38 
106B 2 LRR Y 0.54 0.52 0.50 0.49 0.47 0.45 0.39 
207A 3 LRR Y 0.49 0.46 0.44 0.42 0.41 0.40 0.37 
207B 4 LRR Y 0.50 0.47 0.46 0.44 0.42 0.41 0.39 
302A 5 LRR Y 0.54 0.51 0.50 0.48 0.47 0.45 0.42 
302B 6 LRR Y 0.52 0.49 0.47 0.45 0.43 0.42 0.41 
105A 1 LRR N 0.51 0.48 0.46 0.44 0.44 0.43 0.41 
105B 2 LRR N 0.49 0.46 0.45 0.43 0.43 0.41 0.39 
208A 3 LRR N 0.50 0.47 0.45 0.43 0.42 0.41 0.40 
208B 4 LRR N 0.54 0.51 0.50 0.49 0.48 0.46 0.45 
301A 5 LRR N 0.57 0.55 0.53 0.51 0.50 0.48 0.47 
301B 6 LRR N 0.53 0.50 0.48 0.46 0.43 0.41 0.38 
101A 1 HRR Y 0.51 0.49 0.47 0.44 0.43 0.38 0.36 
101B 2 HRR Y 0.48 0.46 0.42 0.36 0.33 0.31 0.29 
211A 3 HRR Y 0.57 0.54 0.49 0.45 0.39 0.37 0.35 
211B 4 HRR Y 0.56 0.53 0.50 0.29 0.42 0.36 0.33 
305A 5 HRR Y 0.50 0.47 0.43 0.40 0.37 0.33 0.33 
305B 6 HRR Y 0.53 0.50 0.47 0.44 0.42 0.40 0.36 
102A 1 HRR N 0.41 0.38 0.35 0.33 0.30 0.29 0.27 
102B 2 HRR N 0.46 0.43 0.40 0.38 0.36 0.34 0.32 
212 A 3 HRR N 0.49 0.47 0.46 0.44 0.42 0.40 0.37 
212 B 4 HRR N 0.50 0.47 0.45 0.43 0.42 0.39 0.37 
306A 5 HRR N 0.51 0.48 0.46 0.44 0.42 0.40 0.38 
306B 6 HRR N 0.51 0.50 0.49 0.47 0.45 0.44 0.38 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.11 Soil water retention (m3 m-3)   for 5-15 cm depth in 2015 
REP, replication; RR, residue removal; CC, cover crop; SWR, soil water retention 
Plot REP RR CC 0 -0.04 -0.1 -2.5 -5 -10 -30 
106A 1 LRR Y 0.53 0.51 0.50 0.47 0.45 0.43 0.32 
106B 2 LRR Y 0.51 0.49 0.48 0.42 0.39 0.37 0.34 
207A 3 LRR Y 0.48 0.45 0.43 0.42 0.40 0.38 0.36 
207B 4 LRR Y 0.48 0.45 0.44 0.42 0.41 0.40 0.39 
302A 5 LRR Y 0.50 0.48 0.46 0.45 0.44 0.42 0.41 
302B 6 LRR Y 0.56 0.52 0.50 0.49 0.47 0.45 0.45 
105A 1 LRR N 0.48 0.45 0.44 0.42 0.41 0.40 0.39 
105B 2 LRR N 0.51 0.49 0.48 0.42 0.39 0.37 0.34 
208A 3 LRR N 0.48 0.43 0.41 0.40 0.38 0.37 0.36 
208B 4 LRR N 0.44 0.41 0.40 0.38 0.37 0.35 0.34 
301A 5 LRR N 0.50 0.48 0.46 0.45 0.44 0.43 0.42 
301B 6 LRR N 0.52 0.48 0.46 0.44 0.43 0.41 0.38 
101A 1 HRR Y 0.46 0.43 0.42 0.40 0.38 0.36 0.34 
101B 2 HRR Y 0.44 0.42 0.40 0.39 0.38 0.37 0.36 
211A 3 HRR Y 0.48 0.44 0.42 0.41 0.40 0.38 0.37 
211B 4 HRR Y 0.48 0.44 0.42 0.40 0.39 0.37 0.33 
305A 5 HRR Y 0.49 0.46 0.45 0.44 0.43 0.42 0.39 
305B 6 HRR Y 0.51 0.49 0.48 0.47 0.45 0.43 0.41 
102A 1 HRR N 0.46 0.44 0.43 0.42 0.41 0.40 0.38 
102B 2 HRR N 0.47 0.44 0.43 0.42 0.41 0.40 0.38 
212 A 3 HRR N 0.48 0.46 0.44 0.42 0.40 0.38 0.36 
212 B 4 HRR N 0.47 0.45 0.44 0.42 0.42 0.40 0.39 
306A 5 HRR N 0.49 0.47 0.46 0.45 0.45 0.43 0.42 
306B 6 HRR N 0.47 0.44 0.43 0.42 0.41 0.40 0.38 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.7 Soil water infiltration rate in 2014 and 2015 
REP, replication; RR, residue removal treatment; CC, cover crop treatment; IR 
infiltration rate. 
 
 
 
 
 
 
 
 
 
 
 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
  
2014   2015  
Plot REP RR IR IR Plot REP RR CC IR 
111 1 LRR Y 102.58 106 1 LRR Y 95.60 
201 2 LRR Y 141.50 207 2 LRR Y 91.23 
307 3 LRR Y 178.94 302 3 LRR Y 103.54 
112 1 LRR N 75.50 105 1 LRR N 65.77 
202 2 LRR N 42.88 208 2 LRR N 88.51 
308 3 LRR N 107.98 301 3 LRR N 77.50 
107 1 HRR Y 43.11 101 1 HRR Y 83.92 
205 2 HRR Y 120.32 211 2 HRR Y 81.30 
311 3 HRR Y 81.50 305 3 HRR Y 75.30 
108 1 HRR N 42.81 102 1 HRR N 49.36 
206 2 HRR N 61.70 212 2 HRR N 66.33 
312 3 HRR N 39.08 306 3 HRR N 70.27 
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A1.12 Soil volumetric moisture content () (m3 m-3) for 0-5 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop; VMC, volumetric moisture 
content 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 0.42 0.29 0.31 0.33 0.41 0.36 
201 2 LRR Y 0.37 0.42 0.32 0.39 0.41 0.38 
307 3 LRR Y 0.45 0.30 0.32 0.38 0.42 0.40 
112 1 LRR N 0.28 0.30 0.25 0.34 0.37 0.39 
202 2 LRR N 0.26 0.28 0.26 0.27 0.38 0.34 
308 3 LRR N 0.36 0.31 0.26 0.33 0.35 0.34 
107 1 HRR Y 0.35 0.33 0.29 0.31 0.34 0.34 
205 2 HRR Y 0.29 0.27 0.25 0.29 0.23 0.34 
311 3 HRR Y 0.34 0.31 0.27 0.31 0.30 0.32 
108 1 HRR N 0.30 0.26 0.29 0.37 0.35 0.38 
206 2 HRR N 0.27 0.28 0.17 0.32 0.37 0.34 
312 3 HRR N 0.32 0.29 0.25 0.24 0.32 0.32 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.13 Soil volumetric moisture content () (m3 m-3) for 5-15 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop; VMC, volumetric moisture 
content 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 0.34 0.31 0.26 0.32 0.38 0.33 
201 2 LRR Y 0.35 0.35 0.27 0.36 0.37 0.28 
307 3 LRR Y 0.36 0.32 0.28 0.34 0.34 0.33 
112 1 LRR N 0.31 0.35 0.25 0.32 0.36 0.38 
202 2 LRR N 0.32 0.32 0.24 0.27 0.31 0.29 
308 3 LRR N 0.31 0.36 0.31 0.32 0.40 0.43 
107 1 HRR Y 0.26 0.32 0.28 0.30 0.28 0.34 
205 2 HRR Y 0.28 0.25 0.25 0.27 0.31 0.26 
311 3 HRR Y 0.36 0.37 0.32 0.35 0.41 0.35 
108 1 HRR N 0.33 0.29 0.28 0.17 0.30 0.33 
206 2 HRR N 0.26 0.26 0.24 0.20 0.32 0.32 
312 3 HRR N 0.28 0.32 0.26 0.25 0.31 0.35 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.14 Soil volumetric moisture content () (m3 m-3) for 15-30 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop; VMC, volumetric moisture 
content 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 0.34 0.31 0.32 0.29 0.36 0.28 
201 2 LRR Y 0.32 0.26 0.24 0.37 0.30 0.29 
307 3 LRR Y 0.33 0.31 0.28 0.34 0.36 0.35 
112 1 LRR N 0.28 0.27 0.27 0.30 0.31 0.33 
202 2 LRR N 0.31 0.26 0.29 0.32 0.30 0.30 
308 3 LRR N 0.33 0.26 0.31 0.41 0.32 0.33 
107 1 HRR Y 0.30 0.26 0.23 0.24 0.34 0.28 
205 2 HRR Y 0.32 0.26 0.31 0.27 0.30 0.28 
311 3 HRR Y 0.31 0.30 0.30 0.33 0.35 0.32 
108 1 HRR N 0.31 0.23 0.18 0.26 0.34 0.29 
206 2 HRR N 0.30 0.30 0.26 0.28 0.33 0.30 
312 3 HRR N 0.28 0.25 0.22 0.25 0.39 0.34 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.15 Soil volumetric moisture content () (m3 m-3) for 30-45 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop; VMC, volumetric moisture 
content 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 0.34 0.29 0.32 0.35 0.29 0.29 
201 2 LRR Y 0.29 0.33 0.35 0.37 0.23 0.28 
307 3 LRR Y 0.35 0.34 0.30 0.38 0.35 0.32 
112 1 LRR N 0.33 0.29 0.26 0.33 0.34 0.30 
202 2 LRR N 0.32 0.29 0.26 0.33 0.27 0.24 
308 3 LRR N 0.29 0.33 0.28 0.34 0.32 0.29 
107 1 HRR Y 0.32 0.25 0.20 0.20 0.26 0.30 
205 2 HRR Y 0.33 0.22 0.28 0.83 0.31 0.34 
311 3 HRR Y 0.32 0.30 0.26 1.30 0.36 0.38 
108 1 HRR N 0.29 0.24 0.21 0.21 0.28 0.31 
206 2 HRR N 0.31 0.24 0.25 0.75 0.31 0.27 
312 3 HRR N 0.33 0.26 0.23 1.15 0.30 0.32 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.16 Soil water storage (mm) for 0-5 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 27.1 18.8 20.0 21.8 26.4 23.1 
201 2 LRR Y 24.5 27.8 21.2 18.0 27.1 25.2 
307 3 LRR Y 28.7 19.3 20.4 21.1 26.8 25.5 
112 1 LRR N 18.8 19.7 16.6 22.2 24.7 25.9 
202 2 LRR N 16.6 18.0 17.1 25.1 24.5 22.3 
308 3 LRR N 22.4 19.0 16.1 23.5 21.8 21.2 
107 1 HRR Y 23.8 22.4 20.0 21.0 23.1 23.2 
205 2 HRR Y 19.7 18.6 17.3 19.7 16.1 23.5 
311 3 HRR Y 22.6 20.5 17.6 20.8 19.8 21.2 
108 1 HRR N 21.0 18.2 20.5 26.0 24.5 26.3 
206 2 HRR N 18.9 19.7 12.1 22.2 25.8 24.1 
312 3 HRR N 22.7 20.6 17.8 17.1 22.7 22.7 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.17 Soil water storage (mm) of soil for 5-15 cm depth in 2016 
REP, replication; SOC, soil organic carbon; RR, residue removal; CC, cover crop; VMC, 
volumetric moisture content 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 44.4 41.3 34.0 42.6 50.2 43.1 
201 2 LRR Y 44.8 44.8 34.6 46.1 47.9 35.8 
307 3 LRR Y 45.7 40.5 35.9 43.6 42.6 42.3 
112 1 LRR N 43.3 49.3 35.6 45.1 51.1 53.1 
202 2 LRR N 43.2 42.9 32.9 36.2 42.1 38.8 
308 3 LRR N 43.1 50.1 42.8 44.5 55.0 59.7 
107 1 HRR Y 36.7 44.2 39.7 42.3 39.4 47.4 
205 2 HRR Y 37.3 32.8 33.8 36.3 41.4 34.8 
311 3 HRR Y 49.9 50.8 43.9 47.9 56.9 48.1 
108 1 HRR N 46.6 41.0 40.0 23.7 42.7 47.5 
206 2 HRR N 37.5 37.6 34.8 28.8 45.8 45.5 
312 3 HRR N 38.9 44.5 36.1 34.8 43.1 48.0 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.18 Soil water storage (mm) for 15-30 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 65.8 60.0 61.9 56.6 69.8 53.8 
201 2 LRR Y 62.5 51.1 47.9 72.7 58.4 56.8 
307 3 LRR Y 65.3 62.3 56.0 67.5 70.6 68.5 
112 1 LRR N 56.8 55.7 55.6 61.6 62.5 68.3 
202 2 LRR N 62.3 53.0 59.2 65.0 60.7 60.4 
308 3 LRR N 68.3 53.8 64.0 84.8 66.2 68.6 
107 1 HRR Y 64.6 56.5 50.6 52.0 73.6 61.1 
205 2 HRR Y 63.8 51.8 62.0 55.1 60.2 56.1 
311 3 HRR Y 62.1 59.9 59.1 64.5 70.2 62.7 
108 1 HRR N 64.6 47.5 37.8 54.0 71.4 60.3 
206 2 HRR N 65.4 64.1 56.9 61.4 70.6 63.8 
312 3 HRR N 61.3 54.8 48.2 54.8 85.3 74.5 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.19 Soil water storage (mm) for 30-45 cm depth in 2016 
REP, replication; RR, residue removal; CC, cover crop 
Plot REP RR CC 0 11 42 96 126 157 
111 1 LRR Y 74.4 63.2 69.7 76.0 62.4 62.9 
201 2 LRR Y 57.9 66.3 70.3 74.3 45.6 56.3 
307 3 LRR Y 69.2 67.7 60.3 76.2 70.5 64.7 
112 1 LRR N 68.8 60.6 55.6 68.9 71.2 62.6 
202 2 LRR N 72.5 65.3 58.9 74.1 62.2 55.1 
308 3 LRR N 60.1 68.8 58.0 70.5 67.3 61.1 
107 1 HRR Y 9.8 7.7 6.2 6.2 7.8 9.2 
205 2 HRR Y 13.9 9.0 11.6 34.7 13.1 14.2 
311 3 HRR Y 12.5 11.6 10.2 51.1 14.0 15.0 
108 1 HRR N 9.4 7.7 6.9 6.9 9.1 9.8 
206 2 HRR N 11.8 9.1 9.4 28.1 11.6 10.2 
312 3 HRR N 11.3 9.0 7.9 39.7 10.4 11.0 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A 1.20 Evapotranspiration (ET), for 0-5 cm and 5 -15 cm depth for 2016. 
 REP, replication; RR, residue removal; CC, cover crop; ET, evapotranspiration. 
 LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
 
  
 
0 - 5 cm 5-15 cm 
Plot REP RR CC ET Plot REP RR CC ET 
111 1 LRR Y 572.4 111 1 LRR Y 569.7 
201 2 LRR Y 567.8 201 2 LRR Y 577.5 
307 3 LRR Y 571.6 307 3 LRR Y 571.8 
112 1 LRR N 561.3 112 1 LRR N 558.6 
202 2 LRR N 562.7 202 2 LRR N 572.8 
308 3 LRR N 569.7 308 3 LRR N 551.9 
107 1 HRR Y 569.0 107 1 HRR Y 557.7 
205 2 HRR Y 564.7 205 2 HRR Y 571.0 
311 3 HRR Y 569.8 311 3 HRR Y 570.2 
108 1 HRR N 563.1 108 1 HRR N 567.5 
206 2 HRR N 563.2 206 2 HRR N 560.5 
312 3 HRR N 568.5 312 3 HRR N 559.4 
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A 1.21 Evapotranspiration (ET), for 15-30 and 30- 45cm depth for 2016. 
 REP, replication; RR, residue removal; CC, cover crop; ET, evapotranspiration. 
15 - 30 cm 30 -45 cm 
Plot REP RR CC ET Plot REP RR CC ET 
111 1 LRR Y 580.4 111 1 LRR Y 579.9 
201 2 LRR Y 574.1 201 2 LRR Y 570.1 
307 3 LRR Y 565.3 307 3 LRR Y 573.0 
112 1 LRR N 556.9 112 1 LRR N 574.6 
202 2 LRR N 570.4 202 2 LRR N 585.9 
308 3 LRR N 568.1 308 3 LRR N 567.4 
107 1 HRR Y 571.9 107 1 HRR Y 572.8 
205 2 HRR Y 576.1 205 2 HRR Y 567.0 
311 3 HRR Y 567.9 311 3 HRR Y 555.2 
108 1 HRR N 572.7 108 1 HRR N 565.1 
206 2 HRR N 570.1 206 2 HRR N 577.7 
312 3 HRR N 555.3 312 3 HRR N 570.2 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
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A1.22 Water use efficiency (Kg ha-1 mm-1) and soybean yield (kg ha-1) 2016 
REP, replication; RR, residue removal; CC, cover crop; WUE, water use efficiency. 
LRR, Low residue removal; HRR, high residue removal; Y, yes cover crop; N, no cover 
crop 
  
Plot REP RR CC Yield Plot REP RR CC WUE 
111 1 LRR Y 2721.1 111 1 LRR Y 1.2 
201 2 LRR Y 3005.9 201 2 LRR Y 1.3 
307 3 LRR Y 2841.9 307 3 LRR Y 1.2 
112 1 LRR N 2489.3 112 1 LRR N 1.1 
202 2 LRR N 2678.4 202 2 LRR N 1.2 
308 3 LRR N 2513.1 308 3 LRR N 1.1 
107 1 HRR Y 3101.2 107 1 HRR Y 1.4 
205 2 HRR Y 2997.0 205 2 HRR Y 1.3 
311 3 HRR Y 2771.3 311 3 HRR Y 1.2 
108 1 HRR N 2672.4 108 1 HRR N 1.2 
206 2 HRR N 2491.6 206 2 HRR N 1.1 
312 3 HRR N 2393.4 312 3 HRR N 1.1 
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APPENDIX 2 
 
 
Figure A.2.1. Soil core samples on tension table for measuring the soil water retention 
 
 
 
 
 
94 
 
 
 
 
 
Figure A.2.2. Double ring infiltration 
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Figure A.2.3 High residue removal plots in May 
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Figure A.2.4. Soil augur sampling   
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APPENDIX 3 
 
Residue Removal Project
Even Years
Established 2000 (Cover Crops added 2005)
W
S N Corn
Trt No Residue Removal Cover Crop
E 1 Grain Only Yes
2 Grain Only No
Plot Size 40 x 100 3 Grain and Stover Yes
4 Grain and Stover No
5 Silage Yes
6 Silage No
 
Plots in Yellow are Soybeans
Plots with RED numbers have cover crops
Slender wheatgrass broadcasted into corn around tasseling
Winter lentils broadcasted into soybeans end of R6
1 2 4 3 5 6 5 6 3 4 1 2
207 208 209 210 211 212 107 108 109 110 111 112
Rep 2 Rep 1
1 2 4 3 5 6 5 6 3 4 2 1
201 202 203 204 205 206 101 102 103 104 105 106
1 2 4 3 5 6
307 308 309 310 311 312
Rep 3
2 1 3 4 5 6
301 302 303 304 305 306
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Residue Removal Project
Odd Years
Established 2000 (Cover Crops added 2005)
W
S N
Corn
E Trt No Residue Removal Cover Crop
1 Grain Only Yes
2 Grain Only No
Plot Size 50 x 100 3 Grain and Stover Yes
4 Grain and Stover No
5 Silage Yes
6 Silage No
 
Plots in Yellow are Soybeans
Plots with RED numbers have cover crops
1 2 4 3 5 6 5 6 3 4 1 2
207 208 209 210 211 212 107 108 109 110 111 112
Rep 2 Rep 1
1 2 4 3 5 6 5 6 3 4 2 1
201 202 203 204 205 206 101 102 103 104 105 106
1 2 4 3 5 6
307 308 309 310 311 312
Rep 3
2 1 3 4 5 6
301 302 303 304 305 306
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